Solid-liquid interactions in microscale structures and devices by Li, Huan
c© 2011 by Huan Li. All rights reserved.
SOLID-LIQUID INTERACTIONS IN MICROSCALE STRUCTURES AND DEVICES
BY
HUAN LI
DISSERTATION
Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Mechanical Engineering
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2011
Urbana, Illinois
Doctoral Committee:
Professor K Jimmy Hsia, Chair and Director of Research
Professor Taher A. Saif
Associate Professor Sascha Hilgenfeldt
Professor Rashid Bashir
Abstract
Liquid-solid interactions become important as dimensions approach mciro/nano-scale. This dissertation
focuses on liquid-solid interactions in two distinct applications: capillary driven self-assembly of thin foils
into 3D structures, and droplet wetting of hydrophobic micropatterned surfaces.
The phenomenon of self-assembly of complex structures is common in biological systems. Examples in-
clude self-assembly of proteins into macromolecular structures and self-assembly of lipid bilayer membranes.
The principles governing this phenomenon have been applied to induce self-assembly of millimeter scale Si
thin films into spherical and other 3D structures, which are then integrated into light-trapping photovoltaic
(PV) devices. Motivated by this application, we present a generalized analytical study of the self-folding of
thin plates into deterministic 3D shapes, through fluid-solid interactions, to be used as PV devices. This
study consists of developing a model using beam theory, which incorporates the two competing components
— a capillary force that promotes folding and the bending rigidity of the foil that resists folding into a
3D structure. Through an equivalence argument of thin foils of different geometry, an effective folding
parameter, which uniquely characterizes the driving force for folding, has been identified. A criterion for
spontaneous folding of an arbitrarily shaped 2D foil, based on the effective folding parameter, is thus es-
tablished. Measurements from experiments using different materials and predictions from the model match
well, validating the assumptions used in the analysis.
As an alternative to the mechanics model approach, the minimization of the total free energy is employed
to investigate the interactions between a fluid droplet and a flexible thin film. A 2D energy functional is
proposed, comprising the surface energy of the fluid, bending energy of the thin film and gravitational
energy of the fluid. Through simulations with Surface Evolver, the shapes of the droplet and the thin film
at equilibrium are obtained. A critical thin film length necessary for complete enclosure of the fluid droplet,
and hence successful self-assembly into a PV device, is determined and compared with the experimental
results and mechanics model predictions. The results from the modeling and energy approaches and the
experiments are all consistent.
Superhydrophobic surfaces, which have unique properties including self-cleaning and water repelling
ii
are desired in many applications. One excellent example in nature is the lotus leaf. To fabricate these
surfaces, well designed micro/nano- surface structures are often employed. In this research, we fabricate
superhydrophobic micropatterned Polydimethylsiloxane (PDMS) surfaces composed of micropillars of various
sizes and arrangements by means of soft lithography. Both anisotropic surfaces, consisting of parallel grooves
and cylindrical pillars in rectangular lattices, and isotropic surfaces, consisting of cylindrical pillars in square
and hexagonal lattices, are considered. A novel technique is proposed to image the contact line (CL) of the
droplet on the hydrophobic surface. This technique provides a new approach to distinguish between partial
and complete wetting. The contact area between droplet and microtextured surface is then measured for a
droplet in the Cassie state, which is a state of partial wetting. The results show that although the droplet
is in the Cassie state, the contact area does not necessarily follow Cassie model predictions. Moreover, the
CL is not circular, and is affected by the micropatterns, in both isotropic and anisotropic cases. Thus, it
is suggested that along with the contact angle—the typical parameter reported in literature quantifying
wetting, the size and shape of the contact area should also be presented. This technique is employed to
investigate the evolution of the CL on a hydrophobic micropatterned surface in the cases of: a single droplet
impacting the micropatterned surface, two droplets coalescing on micropillars, and a receding droplet resting
on the micropatterned surface.
Another parameter which quantifies hydrophobicity is the contact angle hysteresis (CAH), which indicates
the resistance of the surface to the sliding of a droplet with a given volume. The conventional methods of
using advancing and receding angles or tilting stage to measure the resistance of the micropatterned surface
are indirect, without mentioning the inaccuracy due to the discrete and stepwise motion of the CL on
micropillars. A micronewton force sensor is utilized to directly measure the resisting force by dragging a
droplet on a microtextured surface. Together with the proposed imaging technique, the evolution of the CL
during sliding is also explored. It is found that, at the onset of sliding, the CL behaves as a linear elastic
solid with a constant stiffness. Afterwards, the force first increases and then decreases and reaches a steady
state, accompanied with periodic oscillations due to regular pinning and depinning of the CL. Both the
maximum and steady state forces are primarily dependent on area fractions of the micropatterned surfaces
in our experiment. The resisting force is found to be proportional to the number of pillars which pin the
CL at the trailing edge, validating the assumption that the resistance mainly arises from the CL pinning
at the trailing edge. In each pinning-and-depinning cycle during the steady state, the CL also shows linear
elastic behavior but with a lower stiffness. The force variation and energy dissipation involved can also be
determined. This novel method of measuring the resistance of the micropatterned surface elucidates the
dependence on CL pinning and provides more insight into the mechanisms of CAH.
iii
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Chapter 1
INTRODUCTION
A free droplet of liquid is spherically shaped in the absence of gravity, since for a given volume the sphere
has the smallest surface area. This minimizes the surface energy of the droplet. But when the droplet makes
contact with a solid surface, its shape changes and interesting interactions are observed at the liquid-solid
interface. Solid-liquid interactions are common in nature and form the basis of many phenomena. Insects
can walk on water via interactions between the water and their legs [4, 5]. Desert beetles collect water
from the humid air using the alternating hydrophobic and hydrophilic regions on their back [6]. Spider silk
collects water along a specific direction using a combination of surface energy gradient and Laplace pressure
difference [7]. The importance of solid-liquid interactions through surface tension increases as the size of
the structures and devices decreases, since the surface to volume ratio is larger at smaller dimensions. This
can cause unwanted stiction in MEMS structures [8] but can also be exploited to create new materials with
micro-features which can be used to fabricate bio-mimic structures that benefit from interaction with water
[9]. Appropriate use of solid-liquid interaction can lead to the creation of novel functional devices, useful in
scientific and industrial applications, that cannot be realized using conventional techniques [10, 11].
When in contact with a solid, the liquid spreads and wets the solid surface. Wetting can be seen in
nature. Ducks can swim without getting their feathers wet, while insects that walk on water can keep their
feet dry [4, 5]. Water droplets on the lotus leaf can roll around easily, keeping the leaf dry and clean [12].
This idea can be used to design car windshields that will enhance visibility in rain and to design windows
of sky scrapers which would require minimal manual cleaning. In rain, it is advisable to drive the car
slowly and brake gently so as to avoid hydroplaning which can lead to the loss contact between the tires
and the ground due to the presence of excessive water in between. If the tire surface can be modified to
repel water effectively, this problem can be largely alleviated [13]. Deicing is a standard procedure in winter
before take off which involves spraying of chemicals on the aircraft surface. These chemicals may corrode
the airplane surface in the long term and could cause environmental problems. To prevent formation of ice
on the pavement, salt is typically used which can lead to the degradation of the pavement. In these cases,
removal of water before it freezes will be beneficial [14]. The above examples of wetting show the importance
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of developing materials with properties such as self-cleaning and water repelling. In order to effectively
remove water, superhydrophobic surfaces are desirable. Lotus leaf is one such surface in nature. Biomimic
superhydrophobic surfaces can be fabricated either chemically or physically. In the chemical approach a thin
layer of chemicals, with thickness on the order of the size of molecule, is deposited on the original surface
to change its properties. In the physical approach, the surface structure is modified to generate specific
roughness to control hydrophobicity. The examples of this approach are the modification of the tire surface
roughness and creation of non-frost surfaces.
1.1 Self-assembly via Capillary Force in Solid-liquid Interaction
Self-assembly of planar thin foils into 3D structures is a common strategy in nature to achieve specific
geometric shapes with desirable functionalities. In a way, assembling (or disassembling) 3D structures from
planar sheets is like folding mailing boxes from a cardboard preform, except that in the former the driving
force is a natural phenomenon, e.g., evaporation of water in case spore release by plants [15]. Self-assembly
of complex 3D structures, such as self-assembly of proteins, plays a critical role in accomplishing a full range
of structural and biological functions in biological systems [16]. Recently, the idea of self-assembly into 3D
structures has been embraced by scientists and engineers as a means to design microscopic devices that
achieve specific goals, such as, improving the light trapping efficiency in solar cells [17, 18].
A major challenge is that microfabrication techniques using conventional photolithography only generate
2D planar patterns, and it is difficult to directly construct 3D structures using such means [19]. Further, in
many applications such as photovoltaic devices, sub-millimeter to millimeter sized 3D structures are desirable,
which poses particular difficulties in microfabrication. Significant research efforts have been made recently to
explore the idea of self-assembly of 3D structures mediated by various driving forces: e.g., assembly of rod-
like components into 3D structures by magnetic forces (Love et al., 2003); and self-assembly of 3D structures
from planar structures driven by pre-stresses [20–22]. In case of nano and micro-scale structures and devices,
due to their large surface to volume ratio, surface or interfacial adhesion becomes an important driving force
for deformation and self-assembly [23, 24]. A particularly promising technique is the self-assembly of 3D
structures driven by capillary forces during fluid-solid interactions [25–27]. Water is a common fluid medium
used in these studies. Although the 2D self-assembly of shaped objects due to surface tension can be readily
achieved by floating the objects on the water surface [28], self-assembly of 3D structures often involves folding
of planar shaped thin foils driven by surface tension during the evaporation of water [1]. Such mechanisms
have been explored by us to fabricate 3D structures of photovoltaic devices using Si thin films [10]. However
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Figure 1.1: (a) Young’s angle on perfectly smooth solid surface; (b) Wenzel model and angle: liquid pene-
trates into the roughness; (c) Cassie-Baxter model and angle: liquid suspends on the roughness.
in order to generalize this technique and precisely predict the patterns of 3D structures assembled from
planar components when being driven by capillary forces, a quantitative understanding of the nature of the
balance of forces as well as the identification of critical material parameters controlling the folding process
are needed.
1.2 Liquid Droplet on Solid surface: Wetting, Contact Line (CL)
and Hysteresis
1.2.1 Contact Angle and Wetting Models
When a droplet is deposited on a solid surface, the three phase (solid, liquid and gas) junction spreads on the
solid surface. This junction is called the contact line (CL). To quantitatively define the wetting property of
a surface, a macroscopic parameter, contact angle, is usually used. The contact angle is defined as the angle
at which the liquid/air interface meets the solid surface on the CL. Ideally, as a droplet is deposited on a
perfectly smooth solid surface, the total free energy of the equilibrium state of the droplet-surface system is
at the minimum. The equilibrium contact angle (Young’s angle), θY , can be calculated by Young’s equation
[29],
cos θY =
γSV − γSL
γ0
, (1.1)
where the coefficients γ0, γSV and γSL are the surface tensions at the liquid/vapor, solid/vapor and
solid/liquid interfaces, respectively.
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For surfaces with microstructures, there are two classic models quantitatively relating the roughness to
wetting properties, Wenzel [30] and Cassie-Baxter [31] model. Both of them are used to predict the contact
angle under the assumption that the system is in thermodynamical equilibrium. For a droplet in the Wenzel
state, the droplet is conformal with the surface roughness. The contact angle θW is given by
cos θW = r cos θY , (1.2)
where r is the roughness of the solid, defined as the total surface area divided by the projected area. For a
droplet on a solid surface with air pocket trapped underneath, the contact angle θCB is given by the classic
Cassie-Baxter model [31],
cos θCB = φ (1 + cos θY )− 1, (1.3)
where φ is the area fraction of solid with respect to contact interface, θY is the intrinsic contact angle or
Young’s angle of the solid.
The three wetting models are shown in Figure 1.1(a), (b) and (c), respectively.
A lot of effort has been made to artificially fabricate biomimic lotus-leaf-like surface because of its unique
wetting properties. This kind of surface is superhydrophobic with the contact angle θ ∼ 180◦. One reason
for the high contact angle is the presence of wax - a hydrophobic material [12]. But contact angle on
hydrophobic materials typically does not exceed 120◦ [32]. The unusually high contact angle in the case of
lotus leaf is due to the presence of surface micro/nanostructures. There have been extensive researches to
study how the size, arrangement and area fraction of surface micro/nanostructures affects hydrophobicity
[33–38]. Irrespective of whether the droplet is in the Wenzel or Cassie mode, roughness always amplifies
hydrophobicity. It is easier for the droplet to move around in the Cassie mode than when it penetrates into
the roughness in the Wenzel mode. Thus, it is of interest to determine which mode the droplet is in and to
understand how the transition between the two modes occurs [39–42].
The macroscopic parameter, contact angle θ, is typically employed to characterize the hydrophobicity
and to predict the wetting mode (Wenzel, Cassie or intermediate). However, the contact angle alone may
not be sufficient to characterize wetting.
1.2.2 Drawbacks of Contact Angle as the Single Parameter to Study Wetting
First of all, the measured contact angle (widely used, measured using Goniometer) is not the actual contact
angle [34]. Due to either the chemical heterogeneity or the variations in the local roughness, the surface of
the droplet is distorted near the contact plane. Hence the actual contact angle is a local value and varies
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Figure 1.2: A steel ball of diameter D=4mm contacting a flat surface, imaged by Goniometer. The region
is blurred near the contact surface.
from point to point along the CL. On the other hand, the measured contact angle, sometimes called apparent
contact angle, is a global value. This global value is calculated by first taking a picture of the side view
of the droplet, assuming it to be axisymmetric. Then the droplet surface is fitted using the Young-Laplace
equation and depending on a good ”guess” of the contact plane location, the apparent contact angle is
obtained. When studying superhydrophobic surfaces with large contact angles, the meniscus is located very
close to the surface. The region around the three-phase CL appears blurred due to diffraction and scattering
making it very difficult to estimate the contact plane location [43, 44]. For example, the first step in using
the Goniometer is to calibrate by taking an image of a steel ball on a flat surface. One such image is shown
in Figure 1.2, from which one can see that even for a steel ball, the region near the contact surface is blurred
and contact plane cannot be determined precisely. Hence determining the location of the contact plane using
the Goniometer is subjective and can lead to errors. The measured contact angle is very sensitive to the
contact plane location since this location serves as the boundary condition of the fitting. Small perturbation
of contact plane location would induce a contact angle change of 10◦ or more. Other factors affecting the
estimation of the contact plane location are improper level and misalignment of the camera with respect to
the contact surface.
Secondly, the measured apparent contact angle spans a range rather than being a unique value. The
5
CL is typically pinned locally by chemical inhomogeneity or roughness of the material, thus preventing the
apparent contact angle from reaching the lowest Gibbs free energy. This phenomenon is called hysteresis
[43]. Thus, each measured contact angle corresponds to a metastable energy state. In order to determine
whether the droplet on a surface is in a metastable state, more information is needed.
Thirdly,the Cassie-Baxter model for contact angle derived assuming thermodynamic equilibrium, does
not consider the three-phase CL topology. It has been widely used to predict the dependence of contact
angle on the area fraction of the solid. However, the discussions in [37, 45] indicate that the CL topology
may have an important effect on wetting. These works claim that more distorted the CL, more hydrophobic
the surface. In contrast, others [46] believe that a smooth, continuous CL will lead to more hydrophobicity.
Hence it is of interest to carefully look at the CL topology.
Finally, apart from the contact angle, more information is needed in judging whether the droplet is
in Cassie mode or Wenzel mode. In addition, the transition from Cassie mode to Wenzel mode has been
extensively studied [39–42, 47], theoretically or experimentally. As shown in Figure 1.1(b) Cassie mode and
(c) Wenzel mode, the main difference is within the contact area. But a technique for direct observation of
the contact area during such transitions is still not available.
Thus, it is important to obtain the contact area size and shape, in addition to the contact angle.
1.2.3 Visualization of Static CL - Methods in Literature
Since in wetting phenomenon, understanding the interaction between droplet and substrate is the primary
focus, a direct study of the contact area between the solid and the liquid, is imperative. Few experimental
techniques are reported in the literature for directly observing the interaction between a droplet and the
microstructures on the surface and for measuring both the contact area and the CL topology.
Using an optical microscope to view the three-phase CL will not work, especially in the case of hydropho-
bic surfaces wherein the contact angle is greater than 90◦, as reported by Oner et al. [37]. This is because
the refraction of light through the curved surface of the droplet will cause distortions and make focusing on
the CL impossible.
So far, there are few methods available to study the contact area between liquid and solid. Some
researchers [13, 37, 48] use the solidification or frozen method in which the droplet is solidified and then
viewed using a SEM (scanning electron microscope). The drawback of this approach is that the CL may
shrink or change its shape during solidification. More importantly, it is not a real time approach and hence
is unsuitable for dynamic observations such as the CL motion. Othe researchers have used interference
microscopy [42]. However, it takes time to reconstruct the shape of the contact plane and CL shape and
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thus cannot record the fast motion of CL.
In this dissertation, by introducing a fluorescent dye into the droplet and using fluorescence microscope,
the CL topology and its motion are imaged in real time, for the first time. The details of this approach will
be discussed in the rest of this dissertation.
1.2.4 CL Motion on Hydrophobic Surface
Impact of a drop with a solid surface and coalescence of two drops on a solid surface are not only interesting
physical phenomenon, but are also widely used in various scientific and industrial applications. These
phenomenons are common in nature. For example, raindrops impact on tree leaves and can rebound or roll
off or can coalescence with another drop. Drop impacts and coalescence can also be seen in ink-jet printing
[49], spray painting and coating [50], microfabrication of electronic devices [51, 52], solder bumps positioning
on printed circuit boards and tissue engineering [53].
In order to control the spray and coating process well, it is crucial to understand the underlying physical
phenomena and then come up with reasonable boundary conditions [50]. In case of freely suspended drops,
their interactions can be explained satisfactorily using liquid viscosity and surface tension ideas [54]. But
when a solid surface is involved, the CL motion plays a very important role in determining the impact and
coalescence process. The CL motion itself is influenced by surface roughness and wetting properties of the
material.
To describe the CL motion, measuring the evolution of its position with time directly is better than
inferring it using the contact angle. The drop deforms severely and irregularly during impact and coalescence.
This makes the contact angle uncertain and hence it is usually impossible to use contact angle to describe
the CL motion [55, 56].
Numerous experimental studies of drop impact and coalescence on substrate have been published. Typ-
ically, a camera is used in drop impact to record the side view, but the whole CL cannot be seen [57–67].
In case of drop coalescence the top view of the hydrophilic surface is investigated [54, 68–76], since it is
not possible to image the CL on the hydrophobic surface with a conventional microscope. Thus, none of
these works have looked at the CL motion on the hydrophobic surface. Using our technique though, the CL
motion can be observed analyzed.
1.2.5 Hysteresis during CL Motion on Hydrophobic Surfaces
As discussed in the previous section, there are usually two modes when a droplet wets a rough surface -
Wenzel mode and Cassie mode. In both modes, the static contact angle may be greater than 90◦. In the
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Wenzel state it is harder for the droplet to roll or slide, since it penetrates the grooves of the roughness
features. However, in the Cassie mode, the droplet is in contact with both air and the peaks of the roughness
features with no penetration, thereby making it easier for the drop to roll or slide [3, 47]. In other words,
Cassie mode has less hysteresis than Wenzel mode. Thus, the Cassie state is usually preferred in designing
and fabricating superhydrophobic surfaces.
The static contact angle predicted by Young’s equation (Equation 1.1), Cassie-Baxter model (Equation
1.3) and Wenzel model (Equation 1.2), is under the assumption of thermodynamic equilibrium. However,
even for the Cassie mode which has lesser hysteresis, the predicted contact angle is usually not reached in
experiments. Moreover, the measurement will depend on how the droplet is deposited on the surface. Thus,
the contact angle data exhibits large scattering [43, 77, 78]. The discrepancy between measurements and
the Cassie model prediction is due to contact angle hysteresis (CAH). CAH is usually caused by surface
inhomogeneity, either chemical heterogeneity or topological roughness, which pins the CL [79]. Usually the
contact area between the droplet and the substrate is not a circle because of CL pinning and CAH. The
Cassie model does not consider CAH [80]. In order to incorporate CAH into contact angle prediction, a
careful study of CL pinning and CAH on micropatterned surfaces must be performed.
In order to describe the hydrophobicity of a micropatterned surface, the static contact angle in Cassie
mode, measured using a droplet resting on the target surface, is not sufficient. In particular, if designing a
surface for efficient water removal is the goal, dynamic wettability must be studied. Dynamic wettability is a
function of contact angle hysteresis (CAH), not the contact angle [37, 81, 82], because CAH determines how
easily the droplet could move on the target surface no matter how large the contact angle would achieve.
When the droplet moves on the micropatterned surface, CL pinning and the shape change of the contact
area contribute to CAH [37, 38, 45, 80, 81, 83–86]. Therefore, CAH, together with CL motion and contact
area evolution, is important for understanding dynamic wettability.
Experimentally, the CAH on a rough surface can be measured in two ways:
Surface tilting: A drop of volume V is deposited on a horizontal target surface. The surface is gradually
tilted. The critical tilt angle θtilt, at which the drop is just about to slide off the surface, is measured. CAH
is then calculated as ρV g sin θtilt/pirγ, where ρ is the liquid density, g is the gravitational acceleration, r is
the radius of the contact are and γ is the surface tension of the liquid.
However, there are several issues related to this technique. Macroscopically, the critical angle θtilt is
identified when the drop slides off the surface. But even before the macroscopic sliding occurs, most of the
CL moves and deforms microscopically. In fact, the motion of the CL is discrete and consists of stepwise
detaching (uphill side) and attaching (downhill side). Thus, it is difficult to distinguish the exact critical
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Figure 1.3: Two methods to measure contact angle hysteresis and thus friction force for the drop to move
on the target surface: (a) tilt base surface; (b) inflate or deflate drop.
tilting angle. In addition, since the CL keeps changing during the tilt process, it would be more informative
to study the details of the CL shape evolution as the tilt angle increases.
Inflating or deflating droplet: A syringe and a needle with a pump are placed above the target
surface. A drop of the liquid is deposited on the surface. When more liquid is added into this drop using
the needle, the drop enlarges, but the CL and contact area stay the same initially. As the drop continues to
enlarge, the contact angle increases and reaches a threshold called the advancing angle θA and at this point
the CL starts to advance. Similarly, removing liquid continuously from a deposited drop decreases the drop
volume and contact angle. At a threshold contact angle, called receding angle θR, the CL starts to recede.
CAH is thus defined as the difference between θA and θR integrated along the CL.
There are some drawbacks to this technique.
First of all, if the solid surface has pillar like structures, when the drop is inflated, the accompanying
increase in pressure can change the wetting state of the drop. The liquid can penetrate in-between the pillars
and change the wetting state from Cassie to Wenzel. This will give rise to a much larger advancing angle
than if the drop is in Cassie state.
Secondly, if the surface structure is inhomogeneous, or if there is a surface energy gradient along the
surface, both advancing and receding angle measurement will not be accurate. Ideally, on a homogeneous
surface, all the points of the CL, i.e., periphery of the contact area, will advance (or recede) simultaneously
when inflating (or deflating). But, because of the surface energy gradient, CL is not axisymmetric any more
making it difficult to determine the correct advancing and receding angles.
There is a ongoing debate on how to quantify CAH [3, 86, 87]. Theoretically, so far, few models have
been proposed to quantitatively describe the so called hysteresis. Reyssat et al. [3] followed the approach by
Joanny and de Gennes [88, 89], and gave a model. This model, which assumes dilute pillars and each pillar
acting individually as a strong pinning site to the CL, illustrated the dependence of the hysteresis, with a
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free parameter that can not be predetermined. Its logarithm solution becomes problematic when the area
fraction becomes large and individual pillars start to interact with each other.
In order to design and fabricate superhydrophobic surfaces, the CAH induced friction force, which in-
dicates the resistance a droplet must overcome in order to slide off the surface, is of interest. The contact
area and CL evolution during sliding is also important to understand the origin of the friction force. In this
dissertation, we will define CAH to be the normalized force needed for the droplet to slide on the micropat-
terned surface. To quantitatively investigate the friction force, a micronewton force sensor is use to measure
the force needed to move a droplet on the micropatterned surfaces. Simultaneously, using a fluorescence
microscope and a high speed camera, the real time motion of the CL and evolution of the contact area are
captured.
1.3 Overview of the Dissertation
This dissertation will focus on some aspects of the water-solid interaction. Chapter 2 will present an ana-
lytical study of the self-folding of thin plates into deterministic 3D shapes through fluid-solid interactions.
In Chapter 3, along with the force balance analysis of self-folding of thin plates considered in Chapter 2,
a more generalized study using the energy approach is presented. In Chapter 4, the contact angle and
the size and shape of the contact area when a liquid droplet wets a hydrophobic micropatterned surface
is studied experimentally and analyzed. The dynamics of the CL is also discussed. Chapter 5 presents a
novel technique to quantitatively measure the contact angle hysteresis of the solid surface. The hysteresis
on various microtextured surfaces is obtained by this technique and the results are compared and analyzed.
Finally, in Chapter 6, conclusions from each of the chapters are summarized and directions for future work
are suggested.
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Chapter 2
SELF-ASSEMBLY OF THIN FOILS
INTO 3D STRUCTURES—FORCE
APPROACH
2.1 Motivation
Silicon, in crystalline and amorphous forms, is currently used in greater than 90% of the PV production and
is likely to increase its dominant position in the foreseeable future [90]. Even so, its widespread adoption is
limited by fabrication costs (e.g., wafer production accounts for nearly 40% of the cost of a module [91]).
One attractive strategy to reduce such costs entails the use of ultrathin silicon films as the basic material for
solar cells [92–94]. Thin film solar cells, however, typically have lower efficiencies due to limited absorption
thickness (e.g., for a single-crystalline Si film, a thickness of about 125 µm is needed to absorb ∼ 90% of
the transmitted light incident on it [95]). In order to achieve efficient optical absorption, thin-film solar
cells need effective strategies to prevent reflective losses as well as light trapping mechanisms to enhance the
effective optical path length of a cell. This is especially important for silicon due to its high reflectivity, in
which greater than 35% of incident photons are reflected from the surface and thereby lost [96], as well as
its relatively low absorption cross-section, as an indirect band gap semiconductor [97, 98].
Numerous ideas involving modification of both the front and back surfaces of a Si-based device have
been pursued, including the use of textured surface structures [99], anti-reflection (AR) coatings [100] and
light-trapping (LT) schemes [101, 102]. Recently, more complex designs have been explored to improve light
trapping efficiency through the use of various 3D architectures [17, 103, 104], including V-folded thin film
organic solar cells [104], 3D thin film cadmium telluride (CdTe) solar cells deposited over the top of carbon
nanotube tower arrays [17, 18], spherical devices albeit from solid Si spheres [103] and cylindrical-shaped
solar cells (Solyndra Inc) made of a thin film of copper indium gallium selenium (CIGS) deposited on a
glass tube. These designs are able to increase the optical path length through multiple internal and external
reflections to enhance light absorption within an optically thin semiconductor absorber. Additionally, unlike
conventional flat solar cells, such 3D optical structures can absorb light efficiently from a wide range of
incident directions.
The creation of electronic devices with 3D form factors is challenging due in part to the inherently planar
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nature of wafer-based fabrication methods. Currently the most practical methods employ this approach,
followed by other processes that transform planar objects into the desired 3D structures [105]. While
microelectronics rely on stacking and interconnecting individual layers, folding and self-assembly routes are
attracting increasing attention as an alternative approach to 3D microfabrication [106]. To date, folded 3D
structures have been obtained through the use of magnetic forces [107], residual stresses [22], and electrical
activation [108]. Capillary forces may also be harnessed to guide the assembly of 3D, sub-millimeter scale
objects [1, 109, 110]. The relationship between residual stresses, however (such as those found in epitaxial
thin films), and these interfacial driving forces that guide material deformation during self-assembly are not
fully understood.
The mechanical bendability of thin, single-crystalline Si foils of a few µm in thickness, coupled with
capillary-driven, self-assembly to create folded 3D photovoltaic devices [10] is exploited. These flexible
constructs readily lend themselves to adopting non-planar shapes, such as triangular prisms, cylinders, and
spheres, with less defects than would result from the deformation of thicker Si wafers [111, 112]. The
resulting 3D functional architectures inherently serve as a light trapping element allowing for a substantial
improvement in efficiency relative to its planar analogues.
This chapter will focus on the mechanics modeling of the folding process. The details of the fabrication
of the Si thin film, test of the achieved light trapping device and its application are covered in our paper
[10].
2.2 Experiment Observations
Using capillary interactions to spontaneously fold planar/2D shapes has been explored by many researchers
as a means to self-assemble various 3D structures. The folding of planar polyhedral building blocks of
metallic films into 3D structures, as driven by a droplet of solder, was demonstrated by Gracias et al.
[26]. The folding of thin PDMS sheets into 3D shapes, a process driven by evaporating water droplets, was
studied by Py et al. [1]. In an effort to fabricate 3D photovoltaic devices using Si thin films, a process
of fabricating patterned Si thin film, and using an evaporating water droplet to fold the planar film into
functional light- trapping 3D structures is developed [10]. In addition to the Si thin film, thin films made
of two other materials, PDMS and a plastic food wrap, are also used in the experiment. The PDMS thin
film was spun on a Si wafer at rotation rates of 1000 and 2000 rpm. The cured PDMS thin films, which
are used in the experiments shown in Figure 2.1(a) and (b), are measured to be 57 and 27 µm, respectively.
The plastic food wrap (Homelife plastic wrap) is a typical commercial grade linear low-density polyethylene
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0 min 30 min 80 min 2 mm
0 min 30 min 60 min 2 mm
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(a)
(b)
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(d)
Figure 2.1: Spontaneous wrapping of the thin films with a water droplet on top in a time lapse sequence,
including PDMS thin films of (a) 6mm triangle; (b) 6mm square; and plastic food wrap thin films of (c)
7mm triangle; (d) 7mm square.
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with a thickness of about 14 µm. The thin films were cut into millimeter-sized squares and triangles for the
experiments shown. In all cases (Si, PDMS and plastics), when a droplet of water is placed on the thin film,
folding begins first with the corners bending over towards the center of the sheet. For sheets larger than
a critical size (to be determined by the analysis in the following sections), as water evaporates (i.e., as the
droplet shrinks), folding of the triangular sheets maintains a symmetric shape and finally forms tetrahedral
pyramids, an endpoint observed for both the PDMS (shown in Figure 2.1(a)) and plastic (shown in Figure
2.1(c)) films. For the square sheets, however, the symmetric folding process becomes unstable beyond a
certain stage, and instead bifurcates into asymmetric folding modes: for the plastic thin film, the edges fold
up to each other forming a quasi-cylindrical shape as shown in Figure 2.1(d) (similar to that in Py et al.
[1]); and for the low-modulus PDMS thin films, which ultimately is twisted by the capillary force, a more
irregular quasi-cylindrical shape is formed, as shown in Figure 2.1(b).
The competing factors that comprise the mechanism are believed to be the surface tension γ0, which
promotes folding, and the bending of the thin sheet (characterized by a bending stiffness, B), which resists
folding. Based on this argument, Py et al. [1] defined an elasto-capillary length, as by Bico et al. [113]
LEC = (B/γ0 )
1/2
, (2.1)
and measured the critical dimensions for folding, Lcrit, of triangular and square foils as a function of LEC .
Their results show that the critical dimension for folding Lcrit follows a linear relationship with the elasto-
capillary length LEC . However, the coefficient of linearity (or slope) varies with the shape of the thin foil.
The coefficient is 7.0 for square, and 11.9 for triangular shaped PDMS films [1].
Two issues raised by these experimental observations are: i) whether indeed the competition between
surface tension and thin film bending is the dominant mechanism determining the folding process; and ii)
whether there exists a parameter, dimensional or nondimensional, that governs the thin film folding process
regardless of the sheet geometry. The answers to such questions will not only help explain the observations
in square and triangular shaped foils, but may also provide insights beyond the specific shapes used in this
experimental study and lead to a general descriptive form of the controlling parameter. Such a model will
also provide guidance for fabrication of nano- and micro-scale devices through self-assembly.
2.3 Modeling
Let’s start the modeling by considering the specific geometries – square and triangular shapes – investigated
in the experiments by Py et al. [1]. Let’s further hypothesize that the competition between surface tension
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and thin film bending is the dominant mechanism controlling the folding process. This hypothesis will be
validated through comparison of model predictions to the experimental results.
For both triangular and square sheets, folding starts by bending the corners symmetrically, a necessary
condition to achieve the final wrapping. However, it is noted that regions within the dashed lines shown in
Figure 2.2(a) will not bend due to symmetric constraints. Therefore the folding process can be considered
as bending of the corners of a thin sheet with varying width - linearly tapered widths in the case of square
and triangular sheets. We can thus model each corner (the region beyond the dashed line) as a beam with
fixed end and a tapered width. Such a configuration can be generalized to a tapered beam with an arbitrary
base angle θ (0 < θ < pi2 ) and length L as shown in Figure 2.2(b). The loading on the beam is due to the
capillary force at the fluid-solid junction line, x = Lp, as shown in 2.2(b). Given that the vertical projection
of the surface tension is γ0, the magnitude of the pulling force is proportional to the beam width at the
contact line, i.e., F = γ0 ∗ dp, where dp is the width of the beam at x = Lp. The effect of fluid pressure
and gravity on bending of the beam is neglected here, which is a reasonable approximation for microscale
structures. Furthermore, we only consider small deformation in this analysis although there is finite rotation
as the sheets fold up to form 3D structures. The justification for using small deformation theory is discussed
later in Section 2.5. These considerations and assumptions lead to a well-defined boundary value problem
that can be solved using elementary mechanics tools.
An examination of the boundary value problem reveals that, in order to induce deflection of the beam,
the fluid-solid contact line can neither be at the tip of the beam (x = L) where d = 0, thus F is zero, nor
be at the base of the beam (x = 0) since no deflection can be induced regardless of the force level at x = 0.
This consideration argues for a particular contact line location, x = Lp, at which the maximum deflection
is induced. The value of Lp is determined later.
To develop a unified model for beams with different base angles θ, we seek the equivalence between a
tapered beam and a simple, unique geometry – a beam with uniform width. For a tapered beam of length
L subjected to a force P at x = Lp, and a uniform width beam subjected to the same force P at the same
position x = Lp, as shown in Figure 2.2(b), we consider these two configurations to be equivalent if the
deflections of the tapered beam, δtaper, and that of uniform width beam, δuni, at the position x = Lp are
equal, i.e., δtaper = δuni. Such an assumption yields an effective bending stiffness of a tapered beam, Beff
as derived in the following.
For the tapered beam, using the small deformation beam theory [114], the governing equation for the
deflection of the tapered beam is
Bx
d2w
dx2
= P (Lp − x) , (2.2)
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Figure 2.2: (a) Modeling of each corner as a tapered beam. (b) Equivalence of a tapered beam to a uniform
beam.
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where w is the deflection, Bx is the local bending stiffness given by Bx = E
′ t0h3
12
(
1− xL
)
, E′ = E/
(
1− ν2)
is the plane strain Young’s modulus, t0 the width at the base of the beam, h the beam thickness. It is
noted that the bending stiffness, Bx in Equation 2.2, is evaluated using the true width of the tapered beam,
t0(1 − x/L), thus its unit has an additional length dimension compared to the bending stiffness per unit
width, B, used in Equation 2.1. Integrating Equation 2.2 twice and substituting x = Lp yields
δtaper = w|x=Lp =
PL3
B0
[
3
2
(
Lp
L
)2
− Lp
L
−
(
1− Lp
L
)2
ln
(
1− Lp
L
)]
, (2.3)
where B0 = E
′ t0h3
12 . For an effective uniform beam,
δuni =
PLp
3
3Beff
. (2.4)
Imposing the equivalence condition using the solutions in Equations 2.3 and 2.4, two important param-
eters emerge. One is an effective bending stiffness, given as
1
Beff
=
1
B0
f (ξ) , (2.5)
where the normalized location of the fluid-solid junction ξ = Lp/L, and a nondimensional function of the
location of the fluid-solid junction line
f (ξ) = 3ξ−3
[
3
2
ξ2 − ξ − (1− ξ)2 ln (1− ξ)
]
. (2.6)
The second is an effective nondimensional parameter that characterizes the competition between an
effective capillary force and the effective bending resistance, defined as
αeff =
γeffLp
3
Beff
, (2.7)
where the effective surface tension γeff = γ0 (1− Lp/L ) = γ0 (1− ξ). This effective surface tension takes
into account the change of the beam width as the fluid-solid contact line is at different locations. Since this
parameter is expected to control the folding of the beam, we refer to αeff as the effective folding parameter.
It is noted that, for a tapered beam, the width at the base t0, the base angle θ and the length of the
beam satisfy the relation:
t0 = 2L cot θ. (2.8)
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Figure 2.3: Figure 3. Nondimensional function F (ξ) reaches maximum, 0.068, at ξ = 0.77.
From Equations 2.5-2.8, we arrive at a simple expression for the effective folding parameter,
αeff =
12γ0L
2
E′h3
· tan θ · F (ξ) , (2.9)
where the nondimensional function F (ξ) = 32 · (1− ξ)
[
3
2ξ
2 − ξ − (1− ξ)2 ln (1− ξ)
]
.
The function F (ξ) determines the magnitude of the effective folding parameter when the fluid-solid
contact line is at different locations. Figure 2.3 shows the value of F (ξ) as a function of location ξ. As
anticipated, F (ξ) (thus αeff ) is zero at both ξ = 0 (Lp = 0, i.e., at the base of the beam) and ξ = 0 (Lp = L,
i.e., at tip of the beam). Therefore there is no driving force for beam folding when the contact line is at
these extreme locations. Further, F (ξ) reaches a maximum value Fmax = 0.068 at ξ = 0.77, giving rise to
maximum driving force for folding. As long as the width of the beam is linearly tapered, both the value of
Fmax and the location where it is achieved are constant regardless of the value of the base angle θ. One
can argue that, if folding does not occur when the contact line is at ξ = 0.77, it will not occur when the
contact line is anywhere else along the beam. Therefore we substitute the function F (ξ) in Equation 2.9
by its maximum value Fmax = 0.068, which represents a necessary condition for folding, giving rise to the
following expression of the effective folding parameter,
αeff = 0.816
γ0L
2
E′h3
tan θ = A
γ0L
2
E′h3
tan θ, (2.10)
where A is a dimensionless constant representing the magnitude of the capillary interaction when the pulling
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force due to surface tension is the strongest. It is noted that this effective folding parameter is proportional
to the square of the ratio of feature length and the elasto-capillary length in Equation 2.1, αeff ∝ (L/LEC )2.
Notably however, αeff as defined here takes into account the feature geometry (in this case, for all sheets
with linearly tapered width, the base angle θ ). Examination of Equation 2.10 reveals that the effective
folding parameter is a product of two components: an intrinsic parameter and a shape factor, both of which
are dimensionless. The intrinsic parameter takes the form,
αint = A
γ0L
2
E′h3
. (2.11)
For tapered beams the shape factor is a function of the base angle θ only, as
S (θ) = tan θ. (2.12)
We can now establish a criterion for spontaneous folding as follows.
if


αeff < α
crit
eff no folding occurs
αeff ≥ αcriteff folding occurs
(2.13)
where αcriteff is the critical value of the effective folding parameter that is material- and geometry-dependent,
and should be determined by experiments.
2.4 Comparison with Experiment
If the spontaneous folding criterion based on this simple theory, Equation 2.13, is correct, one needs to do
a single experiment to determine the critical value of the folding parameter. Using that value, one should
be able to predict the folding behavior of specimens of different geometries. In this section, we will validate
our model by comparing it to the experiment data from literature and our own measurement [10, 11].
2.4.1 Compare with Results from Py et al. [1]
Let’s first look at the experimental data of Py et al. [1] on PDMS.
First of all, as in their measurement, the length of the thin sheet edge, L0, is used. Whereas, we use
the beam length L in our model, as shown in Figure 2.2, when calculating the effective folding parameter in
Equation 2.10. Thus, use geometry relation 2L = L0 sin(θ), and substitute into Equation 2.10. Comparing
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S (θ) vs. elasto-capillary length LEC (experimental data
obtained from Py et al. [1])
to the shape factor in Equation 2.12, the the shape factor for their experiment is given by
S (θ) = (sin θ)
2
tan θ. (2.14)
Second, as the material used in their experiment is always PDMS, the intrinsic parameter αint, which is
a material related property, should be a constant for the same material, no matter the specimen shape is
square or triangle. Hence, whether our model is correct depends on if we can predict the same αint.
Third, in their experiment, the critical value of the effective folding parameter can be determined
as αcriteff = (Lcrit/LEC )
2
. Our model shows αcriteff =
1
4αint · (sin θ)2 tan θ. Equating those two leads to
Lcrit/
√
S (θ) /LEC =
√
αint/2, which should be a constant as we discussed.
Now, let’s plot Lcrit/
√
S (θ) vs. LEC with the experimental data of Py et al. [1] on PDMS. The data for
the square and triangular sheets indeed collapse onto the same straight line with the slope 10.2, as shown
in Figure 2.4. It indicates our model is reasonable.
Next, the Si thin film in our experiment will be used to testify our model.
2.4.2 Compare with Experiment Results with Si Thin Film
In order get the critical effective folding parameter, αcriteff , for Si thin sheets, the intrinsic parameter, αint
should be first determined experimentally. To measure the critical folding parameter using a simple geometry
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Figure 2.5: αint measured from the uniform beam. (a) top view: design of the uniform beams; (b) corre-
sponding side view. L, t, and h are the beam length, width and thickness, respectively.
– a uniform beam is used [10, 11]. The specimen designed is shown in shown in Figure 2.5. For each specimen,
there are four arms, i.e., four uniform beams, which can have at most four different lengths L. In a single
folding experiment, by depositing one droplet, we can test four arms to see which one will fold [10, 11].
The length, Lcrit, beyond which the folding will happen is measured. The value measured is thus used to
determine the intrinsic critical folding parameter for single-crystalline Si (111) sheets. For the 1.25 µm thick
Si foil, the critical folding length Lcrit is measured to be 0.9 mm. With the material constants E = 130 GPa,
ν = 0.27 for Si, surface tension γ0 = 0.0729 N/m, the critical folding parameter is obtained for Si thin foils:
αint =
γ0Lcrit
2
E′h3/12
= 2.59. (2.15)
Therefore the critical effective folding parameter of the tapered beams is readily written as
αcriteff (θ) = 2.59 tan θ. (2.16)
This means that, for linearly tapered Si sheet with any base angle θ, spontaneous folding will occur when
the effective folding parameter reaches the value given by Equation 2.16, i.e., Equation 2.16 gives a master
curve governing spontaneous folding of any tapered sheet. This master curve is plotted as the solid line in
Figure 2.6.
Experiments were carried out to validate the model predictions. In order to measure the critical dimension
for spontaneous folding easily, a star shaped specimen is designed, shown as the inset in Figure 2.6 [10].
Two different film thicknesses, 1.25 µm and 2 µm, were used. Specimens with five different angles θ are
investigated. The experimental results are plotted and compared with master curve in Figure 2.6. It is clear
that the model predictions agree extremely well with the experimental data. The slight deviation at θ = 45◦
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Figure 2.6: Comparison of the experimental data to the theoretical prediction (α infinite at θ = 90◦ because
of the singularity of the equivalence from the tapered beam with θ = 90◦ to the uniform beam).
is an artifact from geometric limitations. It is recalled that θ = 90◦ is similar to the square sheet. However,
as shown in Figure 2.1, square sheets tend to undergo asymmetric folding, thus rendering a longer effective
beam length and a lower critical value of the folding parameter.
The intriguing aspect of the mechanics treatments described above is that the model is more broadly
general, i.e., it can be used to predict the spontaneous folding of planar patterns with more complex shapes.
In an effort to fabricate quasi-spherical photovoltaic devices using planar Si thin films, Guo et al. developed
a technique to self-assemble spheres from flower-patterned sheets [10]. From the same governing equation
Equation 2.2 with a different expression for Bx, we can obtain a similar expression for the effective folding
parameter [11], as (see Appendix A)
αeff =
γ0L
2
E′h3
·
{
36
(
t0
L
)−1 [
1
L3
t
t0
∫ Lp
0
(∫ x
0
(Lp − η)
t (η)/t0
dη
)
dx
]}
(2.17)
where E′ is the plane strain Young’s modulus, γ0 the surface tension, h the thickness of the thin sheet, t0
the width at the base of the petal, t the width at location x, L the petal length, Lp the location of the
capillary force. Figure 2.7 shows the results of the critical folding parameter for the flower-patterned sheets
with 4, 6, and 8 petals. The solid lines are the predictions of the model. The symbols are the experimental
measurements. They again agree with each other very well except for the 8-petaled flower patterns at the
t0/L ratio of 0.15. This discrepancy may be due to the fact that, for 8-petaled flowers at the the t0/L ratio
of 0.15, the petal is long and the capillary force along the edges of the petals may play a more important
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Figure 2.7: Comparison of the experimental data to the theoretical prediction for flower-patterned sheets
with 4, 6 and 8 petals.
role, which should render a larger αeff than the theoretical prediction without considering the edge effect.
2.5 Results and Discussions
The main hypothesis of the model is that the dominant mechanism governing the spontaneous folding of
thin sheets upon water droplet evaporation is the competition between the bending of thin films and the
pulling force by capillary interactions. Based on this assumption, the model is able to explain a variety of
experimental observations, including tapered sheets of any base angle and curved flower-patterned sheets
of different number of petals, with a single nondimensional parameter — the effective folding parameter.
The excellent agreement found between the model predictions and the corresponding experiments provides
strong evidence that this hypothesis is indeed valid.
Although focused mostly on specific geometries, the model is general in nature. In principle, the approach
can be applied to any planar geometry to determine whether spontaneous folding occurs. In fact, the effective
folding parameter obtained for any patterned planar sheets can always be decomposed into two parts, an
intrinsic parameter and a shape factor, and will take the form,
αeff = αint
(
γ0
E′
L2
h3
)
× S (geometry) , (2.18)
where L is the characteristic length dimension, h the thickness, γ0 the surface tension, and E
′ the plain
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strain Young’s modulus of the thin sheet. One can draw direct analogy between this general formulation
and formulations in other well-established boundary value problems such as those in fracture mechanics
[115], where the stress intensity factor can be decomposed into an intrinsic part (representing the stress
intensity factor of an infinite body with an isolated crack) and a dimensionless shape factor related to the
geometry of the cracked body. There also exists a direct analogy between the folding criterion, Equation
2.13, and the fracture criterion, in both cases the left hand side of the equation is a parameter representing
the driving force for the event (folding or fracture), whereas the right hand side representing the critical,
materials/structure-dependent value of the parameter for the event to be triggered [115].
This formulation leads to an interesting conclusion that, although there is limited room to change the
shape factor S (since it is largely determined by the intended geometry of the 3D structure), one can pro-
foundly manipulate the folding behavior by changing materials properties (e.g., the modulus and magnitude
of the surface tension) and the characteristic dimensions of the sheet (the ratio L2/h3). This single parameter
can thus provide guidance for self-assembly of complex 3D structures using thin sheets. An obvious corollary
is that the above model is applicable to any material, as long as it is in thin sheet form, as demonstrated by
our experiments using three different materials, including a common food wrap.
In our analysis, we made the small deformation assumption when calculating the deflection curve, so
that analytical expressions of Beff and the nondimensional parameter αeff can be derived [11]. The real
deformation during the folding, however, clearly involves finite rotation of the foils. Precise description
of such folding processes requires large deformation theories. Furthermore, the real situation during self
assembly of 3D structures is much more complicated than what is modeled here. The forces acting on the
thin foils as the liquid droplet evaporates, for example, are not just the capillary force along the liquid
contact line, but also include capillary interactions along the edges, and include the pressure differential
on the two sides of the foil. It can be shown that the effects of these contributions are small compared to
the capillary forces considered in this chapter. The results presented here demonstrate that the necessary
condition must be satisfied for folding to occur. In addition, the comparison between experimental and
analytical results suggests that this condition is also a reasonable sufficient condition. Thus, if one’s interest
is whether folding occurs or not rather than the detailed folding process, the current analysis should be
sufficient. More elaborative treatments of the realistic problem, although important to understanding the
process of folding, do not play a critical role in establishing the critical condition for spontaneous folding.
The bifurcating instability of symmetric folding of square-shaped specimen observed in Figure 2.1 can
be relatively easily explained as follows. From Figure 2.2(a) it is seen that, when folding is symmetric, the
controlling length is L. Spontaneous folding occurs when L is longer than a critical value determined by
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the critical folding parameter αcriteff as stated in Equation 2.13. However, when asymmetric folding occurs
by bending a pair of opposing corners towards each other while extending the other two opposing corners,
the controlling length becomes 2L (i.e., L plus half the length of the side of dashed square in the middle,
Figure 2.2(a)). Therefore the critical value of spontaneous folding parameter can be reached for a smaller
specimen size. Similarly, asymmetric folding of square specimens by bending along the edges increases
the effective controlling length of the folding process. The bifurcating instability can also be qualitatively
explained by energetic considerations. Symmetric folding of four corners requires large bending deformation
and high curvature. Since the bending energy density is proportional to 12Bκ
2, to wrap around the same
liquid volume, the symmetric folding of four corners leads to a higher total bending energy than that of
cylindrical edge folding or cylindrical folding of opposing corners, therefore the bifurcation into asymmetric
folding.
One additional detail in the current analysis is that, since the shape factor for linearly tapered thin foils
takes for form of tan θ as in Equation 2.12, the result will not be valid at θ = 90◦ where the value approaches
infinity. The underlying reason for this limitation is that we used the base angle θ as the geometric parameter
for tapered foils which allows us to evaluate the ratio of L and t0 [11]. This in fact is not an issue for folding
of the flower patterned thin foils. We expect that for complex geometric shapes, this problem will not be
present as long as the characteristic length and width of the thin foils are independent parameters.
Further more, the above analysis can also be conducted and verified through the energy method. For
the system of a droplet bending a flexible substrate, the equilibrium state can be obtained by minimization
of the total free energy, which consists of the surface energy of the fluid and the bending energy of the thin
film. The details will be discussed in the next chapter.
2.6 Conclusions
A mechanics model based on the theory of thin plate has been developed to identify the critical condition
for thin film folding driven by capillary interactions. An intrinsic, non-dimensional material parameter, the
effective folding parameter, has been identified in the model to be the single parameter controlling the thin
film folding process. A criterion for spontaneous, capillary force driven folding has been established using this
parameter. The experimental measurements agree well with the model predictions. The significance of the
analysis is that it can be used to understand the self-assembly of nano- and micro-scale 3D structures from
planar thin foils driven by capillary forces or other surface and interfacial interactions. Such understanding
can provide guidance for fabrication of nano- and micro-scale complex 3D structures using self-assembly.
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Chapter 3
AN ENERGY APPROACH TO
CAPILLARY-DRIVEN THIN FILM
FOLDING
In this chapter, to allow for some realistic effects, an energy based approach is taken, which takes into account
the effect of evaporation of the liquid droplet, finite rotation of the thin film, the pressure differential on
both sides of the foil, and the presence of gravity.
First, an energy functional which consists of the surface energy and potential energy of the fluid and
the bending energy of the thin film is identified. Then, by taking the variation of the energy functional,
the governing equations and boundary conditions are obtained. Finally, using the boundary conditions,
the shape of the droplet and the thin film at the equilibrium state is determined by solving the equations
numerically. The critical length of the thin film, the smallest length required for wrapping the droplet
completely, is determined. The result agrees well with the experiment.
3.1 Energy Functional for Thin Film Folding (2D model)
Without loss of generality, for simplicity, we start by considering a 2D model, neglecting gravity. As shown
in Figure 3.1, a 2D droplet of volume A is deposited on an elastic thin film of length L. As the droplet
evaporates, i.e., volume decreases, the two ends of the thin film bend towards the center. Depending on
both the material and both sizes of the thin film, the thin film may eventually fold into a completely closed
shape at a particular droplet volume.
Since the typical evaporation and folding process is slow (about 25 minutes under room temperature)
[10], folding can be treated as a quasi-static process. Thus, for a given thin film with the length, L, the
energy of each state during the folding process, which corresponds to a volume of the fluid, A, is at the
minimum. Each state can then be calculated by the minimization of the total free energy.
Since the thickness of the thin film is on the order of microns, and the in-plane size is on the order of
millimeters, the energy contribution from the in-plane deformation can be neglected in comparison to the
bending energy of the thin film. In addition, for given L and A, it is reasonable to assume that the CL is
always pinned at the thin film edgesM and N . Physically, it is true that the edge or corner is where contact
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Figure 3.1: 2D model of a droplet deforming a flexible thin film
line pinning always occurs [3]. Hence, the energy functional for the 2D thin film-droplet system is given by
J = γ0Lf +
1
2
κB
∫ L
0
1
R2
ds+ ρg
∫
A
ydxdy, (3.1)
where γ0 is the surface tension of the droplet, Lf is the area (length in 2D case) of the fluid free surface,
κB = E
′h3/12 is the bending stiffness of the thin film with E′ = E/
(
1− ν2) being the plane strain Young’s
modulus and h being the thickness of the thin film, R is local curvature, ρ is the density of the fluid and g
is the gravitational acceleration. The three terms in Equation 3.1 represent energy contributions from the
surface energy of the droplet, the bending energy of the thin film and the gravitational energy of the droplet,
respectively.
If the length is normalize with respect to the elastocapillary length, LEC =
√
κB/γ0 [113], the total free
energy can then be written as
J∗ = J/
(
κB
LEC
)
= Lf
∗ +
1
2
∫ L∗
0
1
R∗2
ds∗ +
ρgLEC
2
γ0
∫
A∗
y∗dx∗dy∗. (3.2)
Another length scale, capillary length LCL =
√
γ0/ρg, beyond which the effect of gravity becomes important
with respect to the capillary force, is recognized [89]. The nondimensionalized total free energy is readily
given as
J∗ = Lf
∗ +
1
2
∫ L∗
0
1
R∗2
ds∗ +
(
LEC
LCL
)2 ∫
A∗
y∗dx∗dy∗, (3.3)
where LEC is determined by thin film material constants, and LCL is determined by the fluid properties
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Figure 3.2: 2D model for variation of energy functional
(surface tension γ0 and fluid density ρ ). The minimization of Equation 3.3 under the constraints of nondi-
mensional droplet volume A∗ and nondimensional film length L∗ gives the equilibrium configuration of the
droplet-film system, which can be calculated numerically.
With the energy functional in Equation 3.3, the equilibrium configuration of the folding can be simulated
using the software package, Surface Evolver. Given an initial configuration with certain boundary conditions
and constraints, by associating the energies to the corresponding surfaces and bodies, Surface Evolver evolves
the surface towards the minimal energy configuration by a gradient descent method [116]. Such a direct
numerical simulation, unlike the previous analysis [10, 11] in Chapter 2, which used the small deformation
approach, is a full analysis considering the finite rotation of the thin film as well as the Laplace pressure and
the gravity effects during the interaction of the droplet with the thin film.
3.2 Variation of Energy Functional and Important Boundary
Conditions
Before solving the energy functional numerically, it may be appropriate to revisit some of the boundary
conditions assumed in the previous section. This is done by taking variations of the energy functional
analytically. Here, to simplify the algebra, the gravitational energy is not considered. And by considering
symmetry, only the right half of this 2D problem is considered, as shown in Figure 3.2.
Because of the symmetry, half of the geometry is modeled. As the profiles of the droplet and thin film
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are unknown, let the profile of the droplet be w1(x), and the plate be w2(x). The two curves meet at x0,
which is a free moving point. The half length of the thin film is fixed to be L0, and the half volume of the
water (area in 2D) is A0. The bending energy of the plate is written as
Ebend =
1
2
κb
∫ x0
0

 w2
′′ (x)(√
1 + (w2′ (x))
2
)3


2
ds =
1
2
κb
∫ x0
0
(w2
′′ (x))2(√
1 + (w2′ (x))
2
)5 dx. (3.4)
The surface energy of the droplet is simply
Esurf = γLV
∫ x0
0
√
1 + (w1′ (x))
2
dx. (3.5)
Then, the volume of the droplet and the length of the plate are constrained, the total free energy would be
J (w1 (x) , w2 (x) , x0, λ1, λ2) = Ebend + Esurf + (γSL − γSV )L0
+ λ1
(∫ x0
0
(w1 − w2) dx− S0
)
+ λ2
(∫ x0
0
√
1 + (w2′ (x))
2dx− L0
)
, (3.6)
where γLV , γSV and γSL are the surface tensions at the liquid/vapor, solid/vapor and solid/liquid interfaces,
respectively. λ1 and λ2 are Lagrangian multipliers.
The energy functional can be further simplified as
J (w1 (x) , w2 (x) , x0, λ1, λ2) =
∫ x0
0
Fdx+ (γSL − γSV )L0 − λ1S0 − λ2L0, (3.7)
where F = γLV
√
1 + (w1′ (x))
2
+ 12κb
(w2′′(x))
2
(√
1+(w2′(x))
2
)
5 + λ1 (w1 (x)− w2 (x)) + λ2
√
1 + (w2′ (x))
2
.
In order to get the equilibrium shape of the plate and the droplet, variations of the functional J in
Equation 3.7 are taken. As the boundary point x0 is free moving, the transversality condition at x0 should
be considered.
δJ =
∫ x0
0
[
Fw1 −
d
dx
(Fw1′)
]
δw1dx+
∫ x0
0
[
Fw2 −
d
dx
(Fw2′) +
d2
dx2
(Fw2′′)
]
δw2dx
+
(∫ x0
0
Fλ1dx− S0
)
· δλ1 +
(∫ x0
0
Fλ2dx− L0
)
· δλ2
+
[
F − Fw1′w1′ −
(
Fw2′ −
d
dx
(Fw2′′)
)
w2
′ − Fw2′′w2′′
]∣∣∣∣
x0
· δx0
+
{
Fw1′δw1 +
(
Fw2′ −
d
dx
(Fw2′′)
)
δw2
}∣∣∣∣
x0
+ Fw2′′δw2
′|x0 , (3.8)
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where the following boundary conditions are used in the derivation: x = 0 is a fixed point, and at x = 0,
w1
′ = w2′ = w2 = 0.
Next, the resulting terms are collected.
1. δw1 terms:
Fw1 −
d
dx
(Fw1′) = 0⇒ λ1 −
γLV w1
′′(√
1 + (w1′)
2
)3 = 0, (3.9)
which is exactly the Young-Laplace equation.
2. δw2 terms:
Fw2 −
d
dx
(Fw2′) +
d2
dx2
(Fw2′′) = 0⇒
− λ1 − λ2 w2
′′(√
1 + (w2′)
2
)3
+
1
2
κb

 2w2
′′′′(√
1 + (w2′)
2
)5 − 5(w2′′)
3
+ 20w2
′w2′′w2′′′(√
1 + (w2′)
2
)7 + 35(w2′)
2
(w2
′′)3(√
1 + (w2′)
2
)9

 = 0. (3.10)
3. δx0 terms:
[
F − Fw1′w1′ −
(
Fw2′ −
d
dx
(Fw2′′)
)
w2
′ − Fw2′′w2′′
]∣∣∣∣
x0
= 0
⇒ γLV√
1 + (w1′ (x0))
2
+
λ2√
1 + (w2′ (x0))
2
+ κb
w2
′ (x0)w2′′′ (x0)(√
1 + (w2′ (x0))
2
)5 = 0, (3.11)
where w2
′′ (x0) = 0 from Equation 3.15 is used.
4. δλ1 terms: ∫ x0
0
(w1 − w2) dx− S0 = 0. (3.12)
5. δλ2 terms: ∫ x0
0
√
1 + (w2′)
2
dx − L0 = 0. (3.13)
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6. δw1 (x0) = δw2 (x0) terms:
Fw1′ + Fw2′ −
d
dx
(Fw2′′) = 0
⇒ γLV

 w1′√
1 + (w1′)
2


x0
+ λ2

 w2′√
1 + (w2′)
2


x0
− κb

 w2
′′′(√
1 + (w2′)
2
)5


x0
= 0 (3.14)
7. δw2
′ (x0) terms:
Fw2′′ = 0⇒ w2′′ (x0) = 0, (3.15)
which means that for the thin plate, the moment at x = x0 equals to zero.
The governing equations and boundary conditions for the deformation of a flexible thin plate by a droplet
are thus set up. The equations are very complicated to solve. Nevertheless, an important boundary condition,
contact angle at the tip of plate can be obtained. Substituting Equation 3.14 into Equation 3.11 yields
γLV√
1 + (w1′ (x0))
2
+
λ2√
1 + (w2′ (x0))
2
+
γLV w1
′ (x0)w2′ (x0)√
1 + (w1′ (x0))
2
+
λ2[w2
′ (x0)]
2√
1 + (w2′ (x0))
2
= 0
⇒ γLV 1 + w1
′ (x0)w2′ (x0)√
1 + (w1′ (x0))
2
+ λ2
√
1 + (w2′ (x0))
2
= 0
⇒ γLV (cos θ1 + sin θ1 tan θ2) + λ2
cos θ2
= 0
⇒ γLV cos (θ1 − θ2) + λ2 = 0, (3.16)
which is similar to the Young angle, except that γSL − γSV is replaced by λ2. It simply means that if the
volume of the water and length of the thin film are fixed at the same time, then the contact angle at the tip
of the plate can be any value, depending on the result of energy minimization.
Consider the simple case where the droplet volume is fixed but not the plate length. Then the energy
functional would be the following:
J (w1, w2, x0, λ1, λ2)
=
∫ x0
0
[
γLV
√
1 + (w1′ (x))
2
+ (γSL − γSV )
√
1 + (w2′ (x))
2
]
dx
+
∫ x0
0

12κb (w2
′′ (x))2(√
1 + (w2′ (x))
2
)5 + λ1 (w1 − w2)

 dx− λ1S0 (3.17)
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After taking the variation of Equation 3.17, the resulting governing equations and boundary conditions
would be obtained by simply replacing λ2 by γSL − γSV in Equations 3.9— 3.16. Thus, the contact angle
at the plate tip would be
γLV cos (θ1 − θ2) + γSL − γSV = 0⇒ cos (θ1 − θ2) = cos θE = (γSV − γSL)/γLV . (3.18)
At the water and plate contact line, the angle between the tangents of the water and plate is exactly the
equilibrium Young’s angle.
Instead of analytically solving the above equations, a simpler way, i.e., numerical simulation using Surface
Evolver is employed, results of which will be discussed in the following sections.
3.3 Critical Length without Considering Gravity
A successful folding is defined to be the case when the two ends of the thin film M and N touch each other
and enclose completely the fluid volume at folding, Afold
∗, which will be determined later. This determines
whether or not a functional 3D solar device can be achieved. In the fabrication, a small glass bead with
adhesive layer is put on the thin film. Once the thin film structure wraps up the glass bead, and is very
closed to a successful folding. The thin film will adhere to the glass bead. And the 3D device is achieved.
Hence, whether or not two ends will join is a key concern to the ultimate structure, and will be analyzed.
As indicated by us and other researchers, for small L, folding will not occur [1, 10, 11]. When L increases
beyond a critical length, Lcrit
∗, the final folding will occur at a particular volume Afold
∗. Lcrit
∗ can be found
by simulation with Surface Evolver. In the simulation, the thin film is Si with Young’s modulus E = 130GPa,
Poisson ratio ν = 0.27 and film thickness h = 1.25µm. The fluid is water with density ρ = 1000kg/m3, and
surface tension γ0 = 0.0729 J/m
2.
In Figure 3.3(a) and (b), the nondimensional distance between the two ends δ∗ divided by nondimensional
film length L∗ is plotted againts the volume of the fluid A∗ divided by L∗2. When the thin film is relatively
short, i.e., L∗ = 3, as shown in Figure 3.3(a), as the fluid volume decreases, δ∗ decreases and the film will first
tend to fold. But as the fluid volume decreases further, δ∗ will increase and the film will reopen. Whereas,
for the relatively long film, i.e., L∗ = 4, as shown in Figure 3.3(b), as the fluid evaporates, δ∗ decreases
monotonically. The film will fold successfully and the two ends will join together. Both Figure 3.3(a) and
(b) show that gravity plays little role in the folding process.
Under three different water volumes, A∗ = 0.5, 1.5 and 4, the configurations of the thin film and the
water surface are also plotted in Figure 3.3(c). The configurations for three other water volumes, A∗ = 1.2,
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Figure 3.3: Folding maps as the water volume decreases for two thin films with different lengths: (a) tip
distance vs. water volume for a relatively short film L∗ = 3, considering both gravity and no gravity; (b)
tip distance vs. water volume for a relatively long film L∗ = 4, considering both gravity and no gravity; (c)
equilibrium configurations of film (black line) and water (color line) of three different water volumes A∗ =
0.5, 1.5 and 4 with film length L∗ = 3; (d) equilibrium configurations of film (black line) and water (color
line) of three different water volumes A∗ = 1.2, 1.9 and 4 with film length L∗ = 4.
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Figure 3.3: Folding maps as the water volume decreases for two thin films with different lengths: (a) tip
distance vs. water volume for a relatively short film L∗ = 3, considering both gravity and no gravity; (b)
tip distance vs. water volume for a relatively long film L∗ = 4, considering both gravity and no gravity; (c)
equilibrium configurations of film (black line) and water (color line) of three different water volumes A∗ =
0.5, 1.5 and 4 with film length L∗ = 3; (d) equilibrium configurations of film (black line) and water (color
line) of three different water volumes A∗ = 1.2, 1.9 and 4 with film length L∗ = 4, (cont’d).
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(a) (b)
Figure 3.4: Equilibrium configurations for the thin film with same length and water volume: (a) nearly closed
configuration, true total free energy minimum; (b) open configuration, local total free energy minimum.
1.9 and 4, are plotted in Figure 3.3(d). In both figures, the film is denoted by the black line, and the water
surface is the color line.
3.3.1 Facts in the Folding Maps
From Figure 3.3, it is seen that, for the relatively short film with L∗ = 3, the film cannot fold successfully,
but when L∗ = 4 it can. Therefore, there must be a critical film length Lcrit
∗ between 3 and 4, at which
the transition from unsuccessful folding (Figure 3.3(a)) to successful folding (Figure 3.3(b)) occurs. We may
plot a series of folding maps similar to Figure 3.3(a) and (b) to find Lcrit
∗. However, there is a more efficient
way to find Lcrit
∗.
In the successful folding case, shown in Figure 3.3(b), near the completely folding, point C, there are
always two local minima on curve CD. One corresponds to the nearly closed configuration, shown in Figure
3.4(a), and the other corresponds to the open configuration, shown in Figure 3.4(b). The nearly closed
configuration always has the lower energy, indicating that it the true energy minimum. By extrapolation,
the same argument can be made for the point C in Figure 3.3(b). There must also be two local minima: one
for the scenario where the thin film is completely closed without free surface of the water, and the other for
its corresponding (with the same film length L∗ and water volume A∗) open configuration with a large free
water surface and hence having a larger surface energy but smaller bending energy from the thin film. The
completely closed state, having the bending energy only, always has the total free energy. Thus, whether or
not the folding is successful depends on the existence of the completely closed state, which is determined by
whether the completely closed state has the lower energy than its corresponding open configuration. This
criterion will be used to determine the critical length Lcrit
∗ in the following analysis. As both Figure 3.3(a)
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Figure 3.5: 2D Thin film with length L = 2L0 in a curvilinear coordinate.
and (b) indicate that gravity plays little role in the folding process, especially near the completely closed
configuration, point C, it will be neglected in the following discussion for determining the critical length.
3.3.2 Analytical Bending Energy without Considering Gravity for Closed
Configuration
If the thin film can achieve complete folding, i.e., the two ends can touch each other eventually, the total
free energy, which now consists only of the bending energy of the thin film, can be calculated analytically.
Consider a thin film of length L = 2L0. Half the length, L0, is chosen for modeling because of symmetry.
Assuming the thin film is inextensible and there is no shear, the governing equations for the equilibrium of
the thin film can be readily written as Equilibrium of the moment
κB
d2θ
ds2
+Q = 0; (3.19)
Equilibrium of the force
dQ
ds
= 0; (3.20)
where κB is the bending stiffness of the thin film defined in the previous section, θ is the angle between the
tangent of the thin film and the x axis at curvilinear coordinate s, and Q is the external shear force, as
shown in Figure 3.5. Integrating Equation 3.20 once yields the shear force, Q = Q0. Then substitute into
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Figure 3.6: Analytical shape for completely closed thin film. x∗ and y∗ are after scaled by the film length.
Equation 3.19, integrate twice and use the boundary condition, θ (s = 0) = 0,θ′ (s = L0) = 0, to get
θ = −
∫∫
Q0
κB
ds =
Q0L0
2
κB
(
−1
2
(
s
L0
)2
+
s
L0
)
. (3.21)
Denote Q0L0
2
EI = C0 and s0/L = ξ. In order to get C0, the boundary condition at the film end is used,
x (ξ = 1) = 0. The geometrical condition yields
dx
ds
= cos
[
C0
(
−1
2
ξ2 + ξ
)]
,
dy
ds
= sin
[
C0
(
−1
2
ξ2 + ξ
)]
. (3.22)
Use the boundary condition x (ξ = 1) = 0 and numerical integration. C0 = 4.59 is then determined.
Then substitute C0 back into Equation 3.22. After performing the numerical integration, the shape of the
thin film at the complete folding can be determined and plotted in Figure 3.6.
The total free energy (purely bending energy) of the complete folding for the thin film with half length
L0 can be calculated analytically as,
Jhalf =
∫ L0
0
1
2
κB
(
dθ
ds
)2
ds = 3.5
κB
L0
. (3.23)
For the whole film, the total free energy J = 2Jhalf . Use the total length, L instead of L0, and normalize
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Figure 3.7: Energy comparison between completely folded configuration and the corresponding open con-
figuration. For each film length L∗, the total energy for completely folded configuration is calculated by
Equation 3.24, denoted by red dot in the figure. With the corresponding water volume encapsulated A∗fold,
calculated by Equation 3.25, the total energy for open configuration is calculated by Surface Evolver, denoted
by black square.
with respect to the elastocapillary length LEC . The normalized total free energy is given by,
J∗ =
14.0
L∗
. (3.24)
The dimensionless volume of the fluid encapsulated inside the thin film can be found by numerical
integration of Equation 3.22,
Afold
∗ = 0.07L∗2. (3.25)
3.3.3 Determine the Critical Length
From the results discussed above, the energy of the completely closed configuration and the enclosed water
volume is determined. If the total free energy of the corresponding open configuration can also be figured out,
it is then straightforward to compare the total energies of the following two different folding configurations
with the same film length L∗ and same fluid volume A∗fold: 1, the final folding shape of Figure 3.6; 2, the
open state, which consists of both bending energy of the thin film and surface energy of the fluid. The total
free energy of the latter case cannot be obtained analytically, but it can be computed using Surface Evolver.
The resulting energy comparison is shown in the Figure 3.7. From the figure, it can be seen that the energy
of the completely folding configuration becomes smaller after the length of the plate reaches 3.78, which
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indicates now the completely folding state exists. Thus, the nondimensional critical length is determined to
be 3.78 (corresponding physical length L = 2.1mm for the 1.25µm thick Si). To compare with the intrinsic
parameter defined in previous chapter, where a simple specimen geometry - a uniform beam with a fixed end
was used, taking into account the symmetry, half of the length obtained here is use to calculate the intrinsic
parameter,
αint =
γ0L
2
E′h3
= 3.52. (3.26)
By using a uniform beam, αint has been determined experimentally for 1.25µm thick Si thin sheets,
which is measured to be αint = 2.59 [11]. The reason that the prediction here is a little higher is: Surface
Evolver simulation in this analysis is a 2D case, and it only considers the surface tension at the end, but
not on the sides of the beam. In the experiment, surface tension also acts on two sides of the beam, which
is able to fold an even shorter beam and results in a lower αint.
3.4 Conclusions
A 2D energy functional of a droplet interacting with a flexible thin film is setup. This energy functional
consists of surface energy of the fluid, bending energy of the thin film and gravitational energy of the fluid.
By taking variations to the energy functional, an important boundary condition at the contact line (CL)
location is identified. A computational model using Surface Evolver, which includes three components of
total energy, is developed. By direct simulation with Surface Evolver, the configuration of the droplet
and the thin film at the equilibrium state is obtained. A critical thin film length necessary for complete
enclosure of the fluid droplet, and thus successful device self-assembly, is determined and compared with
the experimental study and mechanics model. Results from the mechanics model, energy approach and the
experimental study are found to be consistent.
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Chapter 4
DROPLET ON HYDROPHOBIC
MICROPATTERNED SURFACES -
CL STATICS AND DYNAMICS
4.1 Experiment Setup
The fluorescent dye used in the experiment is fluorescein disodium C20H10Na2O5 with molecular weight of
376.27 g/mol (purchased from Fisher Scientific). A small amount of fluorescein is mixed into the DI water in
order for the CL to be imaged by the microscope. The mass fraction of the fluorescein in the fluorescein-DI
water solution is 6.44ppm (point per million). This mass fraction is used in all experiments discussed in
following sections. This small amount ensures the CL can be imaged without significantly changing the
property of the DI water property, such as the surface tension. The contact angle of pure DI water on a
smooth PDMS surface is measured to be 114◦. The contact angle for the fluorescein-DI water mixture is
also measured as 114◦.
The microscope used in the experiment is an inverted microscope, Olympus IX71. Fluorescein-DI water
droplet with volume of around 10µL, is gently deposited on a PDMS (Polydimethylsiloxane) substrate, which
may have various surface micropatterns. The light from a mercury lamp illuminates the fluorescent dye in
the droplet through a 460nm excitation filter. The light emitted by fluorescent dye, which is at 521nm (a
longer wavelength than the illumination), is then detected through a microscope objective under the PDMS
substrate. The experiment setup is shown by the schematic in Figure 4.1.
A typical image taken by the microscope is shown in Figure 4.2(a). The focal plane is set to be at
the pillar-top-surface. As it is shown in Figure 4.2(a), the outermost circumference is the brightest. Light
emitted by the fluorescein from the equator of the droplet has almost no refraction, because it does not
travel through the curved droplet surface. The light intensity is thus the highest at the circumference in
image. Between the circumference and central area, there is a slightly brighter annulus. It indicates the
water does not contact with sample surface. The light from the inside of the droplet travels through the
surface which curves out of the surface of pillar top. It then gets refracted, and leads to such annulus. The
central dark area indicates the air pocket trapped between pillars. Pillars with top surfaces contacting the
droplet appear brighter than their surroundings and thus can be identified in the image. The CL, which
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Figure 4.1: Schematic of the experiment setup. The droplet with fluorescein is excited by the laser from
the microscope objective. The microscope objective will detect the light emitted from the droplet and the
image is constructed.
encloses the bright pillars, can be outlined. Finally, the topology of the CL and size of the contact area can
be determined quantitatively.
In this dissertation, a modified CL concept is used. The contact area here is defined as the footprint
of the droplet on the micropatterned surface. The CL is the perimeter that encloses the footprint. The
perimeter is formed by connecting the outermost pillars in contact with straight lines. The validity of such
treatment is addressed by the following discussion.
The conventional CL is defined as the triple-junction, i.e., the line at which three phases (solid, liquid
and air) meet. On the micropatterned surface, the liquid contacts the top of the solid phase and forms the
conventional CL. The liquid also suspends between roughness features in the Cassie state, where there is
no solid phase, and only a two-phase (liquid and air) meniscus. The conventional CL definition will give
an unclosed shape with a discrete segment on each pillar for a droplet contacting micropatterned surface.
It would be meaningless to use the conventional definition, if one wants to know the size and shape of the
contact area, through which the liquid and micropatterned surface interacts, from a global point of view.
Therefore, the following simplifications are considered: i) Compared to the whole contact area in mm scale
for 7µL or larger droplets, the details of the CL shape on each micro-scale pillar top are not important; ii)
If a droplet in the Cassie state is considered, the meniscus between pillars has a 3D shape. Assuming the
Laplace pressure is constant within the droplet, the curvature of the meniscus would be constant. If the
droplet diameter is on the order of mm and the pillar spacing is on the order of µm, the meniscus between
two pillars sags on the order of nm.This curvature can be safely neglected. Hence, neglecting both the exact
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(a) (b)
Figure 4.2: fluorescence images of the contact area for a 20µL droplet on top of PDMS cylindrical micropillars
with a diameter of 57.1µm and center-to-center spacing 138.4µm. Pillars are in a square lattice. Dimensions
of the sample are shown in B.4 No.(6). (a) Droplet is in the Cassie state; (b) Droplet is in the Wenzel state.
CL shape on each pillar top and meniscus shape between pillars, the footprint of a droplet on the surface
can be obtained by connecting the outermost pillars in contact with liquid with straight lines.
In addition, the contact area image can also be used to determine whether the droplet is in the Wenzel
state or Cassie state. For example, Figure 4.2(b) shows a droplet with the same volume and deposited on the
same pattern as in Figure 4.2(a), except it is in the Wenzel state. Not only is the contact area non-circular,
but also the pillar tops under the droplet are no brighter than their surroundings, which means water has
imbibed the pillars. Thus, the droplet in Figure 4.2(a) is in the Cassie state, and the droplet in Figure 4.2(b)
is in the Wenzel state.
4.2 Experiment Results and Discussions Part I: CL Statics
To study the contact area of droplets interacting with micropatterned surfaces, droplets of different volumes
are deposited on PDMS micropillars with varied shapes, sizes, and arrangements. The CL shape and contact
area size can then be measured from the images.
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4.2.1 Anisotropic Wetting on Parallel Grooves
Starting with a simple case, a one-dimensional patterned surface is first studied. The roughness is composed
of PDMS strips and grooves, fabricated by means of soft lithography (see Appendix B.1). The pillar width
is approximately 50µm. The pillar height is 17µm. The area fraction is defined as the ratio of solid surface
area to the area of the cell it belongs to. For the striped surface, the area fraction equals the strip width
divided by the pitch of the parallel strips. The pitch is varied for different surfaces, generating four patterns
with area fractions of 0.21, 0.41, 0.63 and 0.71. Table B.1 shows the measured actual values for strip width,
height, pitch, and area fraction. SEM (Scaning Electron Microscopy) images of the PDMS striped surface
are shown in Figure B.1(a) and a top view using an optical microscope is shown in Figure B.1(b).
The droplet is deposited gently using a micropipette. The volumes of the droplets used in the experiments
are 7µL, 10µL and 13µL. After deposition, the droplet is checked under fluorescence microscope to inspect
its wetting state (in the Cassie or Wenzel state). The image is then recorded.
Four images of 7µL droplets sitting on strip patterns with area fractions of 0.21, 0.41, 0.63 and 0.71, are
shown in Figure 4.3(a), (b), (c) and (d), respectively. It is observed that, for the droplets with the volume
of 7µL, the water meniscus does not penetrate into the grooves, indicating the wetting is in the Cassie state.
The magnitude of the contact area, Ac, can be obtained from the images using the open software package,
ImageJ. The repeatability of the wetting experiment was found to be excellent. The average of contact area
in each experiment is then computed, and is plotted in Figure 4.4, denoted by black squares. The contact
area for droplets with the volume of 13µL is also measured and shown in Figure 4.4, denoted by red circles.
Even for the least dense pattern Figure 4.3(a), with area fraction φ = 0.21 and droplet volume 7µL, the
droplet does not penetrate into the grooves, indicating the wetting is in Cassie state, i.e., composite state.
The magnitude of the contact area, Ac, can be measured from the pictures by the open software package
ImageJ. Such wetting experiment was reproduced well. The average of contact area in each experiment is
then computed, and is plotted in Figure 4.4, denoted by black squares. The contact area for droplet of
volume 13µL is also measured and shown in Figure 4.4, denoted by red circle.
Generally, for droplets with the same volume, as the area fraction increased, i.e., strips are more closely
distributed, the wetted area, Ac, grows, except when φ = 0.71 and volume equals 7µL. The reason may be
that the edge of the strip pins the CL and prevents the contact area from expanding or retracting. Denser
patterns have more edges, which provide more energy barriers. Small droplets on densely patterned surface
do not easily spread, and thus are pinned, resulting a smaller contact area.
The contact area of φ = 0.21 for droplets of 13µL is unusually large. The reason is that the droplet is in
the Wenzel state. The distance among strips is too large for a 13µL droplet to be suspended. The meniscus
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(a) (b)
(c) (d)
Figure 4.3: fluorescence images of the contact area, showing the interaction of the droplet with the strip
patterned surface. The droplet volume in all figures is 7µL. The dimensions of micropatterns are listed in
Table B.1.
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Figure 4.4: Contact area of droplets wetting strip surface patterns. Symbols represent the experimental
values. The lines connecting symbols are to guide the eye. Cassie model curves for droplets with the volume
of 7µL and 13µL are also plotted.
thus touches the bottom of the grooves. Even for a 10µL droplet, impalement still occurs. The contact areas
for droplets of 10µL and 13µL are shown in Figure 4.5.
Assuming an ideal case, a droplet isotropically wets a rough surface in the Cassie state. The contact
angle is given by Equation 1.3. Using the contact angle of a flat PDMS surface, θY = 114
◦, the contact
angle is thus calculated as
cos θ = −1 + (1 + cos (114◦))φ = 0.59φ− 1. (4.1)
If the shape of the droplet is assumed to be a spherical cap when wetting the substrate, then the contact
area, Ac, is expressed as
Ac =
[
3
√
piV
2− 3 cos θ + cos3θ
] 2
3 (
1− cos2θ) , (4.2)
where V is the droplet volume, and θ is the contact angle given by Equation 4.1.
Substituting Equation 4.1 into Equation 4.2 yields the expression for contact area, Ac, as a function of
both area fraction, φ, and droplet volume, V . The contact area, Ac, vs. area fraction, φ, for two different
droplet volumes, 7µL and 13µL, is also shown in Figure 4.4 for comparison with the experiment values.
From Figure 4.4, it is seen that the measured contact area is always larger than that predicted by
the Cassie model. There are several reasons. First of all, the droplet may not necessarily be in the global
minimum energy state predicted by the Cassie model, due to the existence of many metastable local minimum
energy states. The cassie model also does not consider the hysteresis induced by local microscopic roughness.
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(a) (b)
Figure 4.5: Droplets of (a) 10µL and (b) 13µL wet the strip pattern of area fraction φ = 0.21, leading to
the Wenzel states.
It is usually easier for a droplet to spread than to retract, since it overcomes a lower energy barrier for
spreading than retraction [44, 47]. Depositing a droplet on surface is first a spreading process, and no
matter how gentle the deposition is, the droplet tends to over-spread. Usually, after deposition, there is no
external energy to drive the contact area to retract. The droplet may be trapped in a local energy minimum
state, which is well separated from the neighboring lower energy states by an energy barrier [117]. Secondly,
the number of wetted strips is very limited. In other words, the size of the drop is relatively small for the
Cassie equation to be valid [118]. Alternatively, the surface appears not to be uniform because the roughness
scale of on the sample surface is relatively large. This contradicts the Cassie model assumption, therefore,
it is not expected that the contact area and contact angle on these striped surfaces will be well-predicted by
the Cassie model.
When a droplet wets a striped surface, the droplet base is elongated along the direction of the strips and
squeezed along direction perpendicular to the strips, due to anisotropy. To quantitatively study the wetting
anisotropy, the maximum length of the contact area along the strips, called the long axis, and perpendicular
to the strips, called the short axis, is measured from images such as Figure 4.3. Long axis and short axis vs.
area fraction for two droplet volumes, 7µL and 13µL, are plotted in Figure 4.6. The radius for the ideally
isotropic wetting can be derived from Equation 4.2 by r =
√
Ac/pi. The diameter, 2r, is also plotted in
Figure 4.6 for comparison.
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Figure 4.6: Measured short and long axis of the contact area, (maximum lengths along direction perpen-
dicular to strip and along strip direction), for droplet volume of 7µL and 13µL. The solid line denotes the
Cassie prediction of the diameter of the circular contact area.
For droplet volumes of 7µL and 13µL, the predicted base-area diameter is smaller than both the measured
long axis and short axis for small area fractions. As area fraction increases, the predicted diameter approaches
the short axis for both 7µL and 13µL droplets, but the size of the base area in the experiments is still larger
than the prediction, as shown in Figure 4.4.
To summarize, first, the measured contact area increases with an increasing area fraction for a fixed
droplet volume. Besides, the measured contact area is always larger than that predicted by the Cassie model
with the spheral cap assumption. The discrepancy is due to the fact that the droplet in the experiment may
not be in the global minimum energy state because of hysteresis; the ”history” of the droplet, for instance,
how it was deposited, can be significant in determining its wetting state, and extra work may be required for
droplets to reach the minimum energy state; also, the size of the drop, comparing to the surface roughness,
is not large enough for predictions using the Cassie equation. Moreover, the shape of the droplet-surface
contact area is anisotropic because of the anisotropic micropatterned substrate.
4.2.2 Wetting on Pillars in Rectangular Lattices
Instead of using strip patterns to create anisotropy, samples with cylindrical pillars arranged in rectangular
lattices are designed to study the impact of substrate patterns on the wetting area and shape. In each
sample, listed in Table B.2, the micropost size is identical. The distance between pillars in the horizontal
direction is smaller than that in the vertical direction, creating an anisotropic ratio, defined by the ratio
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between center-to-center spacing in the horizontal direction to that in the vertical direction. The smaller
the ratio, the more anisotropic the sample is. The area fraction of the pillars is approximately the same for
every sample, φ ∼ 0.17. The top views of the samples obtained using an optical microscope are shown in
Figure B.2. Droplets with volumes of 7µL, 13µL and 20µL are deposited on samples No.(1)-(8) shown in
Table B.2. The corresponding contact area sizes and shapes are obtained and measured.
Figure 4.7 shows the fluorescence images of four samples with the same area fraction φ and same micropost
diameter D, but different anisotropic ratio. Dimensions are listed in Table B.2(1)-(4). In all images, it is seen
that there are more pillars in the horizontal direction than in the vertical direction. Along the horizontal
direction, it provides more contact sites for CL. This allows the CL to move in smaller steps in the horizonal
direction than in the vertical direction. Thus, as shown in Figure 4.7(a), the CL in the horizonal direction
forms a smooth curve, in order to minimize the total free energy. In the vertical direction, the large step size
between pillars inhibits the CL from jumping from one horizontal line to the next, because of the greater
energy barrier lies between the horizontal lines comparing to that of the vertical line. Thus, the CLs at the
upper and lower bound take the shape of straight lines.
As the anisotropic ratio increases (see Figure 4.7(1) to (4)), the pillar arrangement becomes more
isotropic, approaching a square lattice. Thus, the CL shape in both the horizontal and the vertical di-
rections is almost the same, as shown in Figure 4.7(d). The whole contact area is more like an octagon. The
details of the octagon-like shape will be discussed in the next section on pillars in a square lattice.
The contact areas are also measured from the images obtained for cylindrical-pillar patterns with two
pillar diameters. For each pillar diameter, patterns with four anisotropic ratios are designed and tested
with droplets of three different volumes, 7µL, 13µL and 20µL. The dimensions of these eight samples in the
experiment are listed in Table B.2. Figure 4.8(a) and (b) show the contact area for sample (1)-(4)( with area
fraction φ around 0.16 and pillar diameter around 36µm), and samples (6)-(8) (with area fraction 0.18 and
pillar diameter around 26µm). Each curve in the figure corresponds to a specific droplet volume. Four points
on each curve denote the four different anisotropic ratios. It is seen that the contact area, Ac, keeps almost
constant, as the anisotropic ratio increases in both Figure 4.8(a) and (b). It indicates the size of contact
area is more dependent on the area fraction φ, and is less dependent on the anisotropic ratio. However, the
anisotropic ratio affects the contact area shape.
4.2.3 Isotropic Wetting on Pillars in Square and Hexagonal Lattices
The microstructured PDMS surface consists of circular pillars of height 13-25 µm and diameter of 26-59 µm
in square or hexagonal lattices with varied center-to-center spacing, which generates area fractions φ ranging
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(a) (b)
(c) (d)
Figure 4.7: fluorescence images of the contact area, showing the interaction of the droplet with the cylindrical
micropillars in a rectangular lattice. The anisotropic ratio for (1)-(4) is 0.29, 0.45, 0.64 and 0.86. The droplet
volume in all figures is 7µm. The dimensions of micro-scale features in figure are listed in Table B.2(1)-(4),
respectively.
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Figure 4.8: Contact area for three droplet volumes: 7µL, 13µL and 20µL. Each curve corresponds to a
specific droplet volume. The four points on each curve denote the four anisotropic ratios. Samples used in
(a) are listed in Table B.2(1)-(4). Samples used in (b) are listed in Table B.2(6)-(8). Error bars on some
symbols are smaller than the symbols.
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(a) sample No.(16), D=27.3µm, φ = 0.20 (b) sample No.(19), D=26.7µm, φ = 0.59
(c) sample No.(1), D=43.7µm, φ = 0.13 (d) sample No.(4), D=43.7µm, φ = 0.38
Figure 4.9: Contact area of a 7µL droplet wetting micropatterned surfaces with micropillars in square
lattices. Sample sizes are listed in Table B.4.
from 0.1 to 0.7. The size of the pillar is the same within each sample. The area fraction, φ, is controlled
by the spacing between pillars. The dimensions for all samples are listed in Tables B.4 and B.5. The DI
water-fluorescein droplet of 7, 13 and 20 µL is gently deposited on the sample surface and the Cassie state is
ensured by checking the fluorescence images. The sample with droplet is then observed by the fluorescence
microscope, and the image of the contact area are recorded. The size and shape of the contact area for each
sample is then acquired and analyzed.
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(e) sample No.(16), D=27.3µm, φ = 0.20 (f) sample No.(19), D=26.7µm, φ = 0.59
(g) sample No.(1), D=43.7µm, φ = 0.13 (h) sample No.(4), D=43.7µm, φ = 0.38
Figure 4.9: Contact area of a 20µL droplet wetting micropatterned surfaces with micropillars in square
lattices. Sample sizes are listed in Table B.4, (cont’d).
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(a) sample No.(11), D=26.2µm, φ = 0.18 (b) sample No.(14), D=27.3µm, φ = 0.60
(c) sample No.(6), D=46.8µm, φ = 0.15 (d) sample No.(9), D=46.3µm, φ = 0.43
Figure 4.10: Contact area of a 7µL droplet wetting micropatterned surfaces with micropillars in hexagonal
lattices. Sample sizes are listed in Table B.5.
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(e) sample No.(11), D=26.2µm, φ = 0.18 (f) sample No.(14), D=27.3µm, φ = 0.60
(g) sample No.(6), D=46.8µm, φ = 0.15 (h) sample No.(9), D=46.3µm, φ = 0.43
Figure 4.10: Contact area of a 20µL droplet wetting micropatterned surfaces with micropillars in hexagonal
lattices. Sample sizes are listed in Table B.5, (cont’d).
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Figure 4.11: Surface Evolver simulation of the contact area for a 7µL droplet sitting on square pillars with
the side length of 40µm and the area fraction of 0.16 [2].
Contact area shape
Figures 4.9(a) and (b) show the contact area images of 7µL droplets wetting substrates of ∼ 27µm diameter
cylindrical pillars in square lattices with area fractions of 0.20 and 0.59. Figures 4.9(c) and (d) show the
contact area images of 7µL droplets on ∼ 43.7µm diameter cylindrical pillars in square lattices with the area
fractions of 0.13 and 0.38. Figures 4.9(e)-(h) show the contact area shape variation with different substrates
described in Figures 4.9(a)-(d) for larger droplets with the volume of 20µL.
Small droplet
For small droplet of 7µL, as shown in Figure 4.9(a)-(d), the CL shape is closer to an octagon, especially
for substrates with large pillars. The four sides of the octagon, top, bottom, left and right, coincide with the
square lattice direction (10). Also, between every two adjacent lines mentioned above, the CL also adopts
a ”shortcut” to minimize the total free energy, and thus forms other four line segments along the lattice
direction (11). Additional line segments along lattice direction (12) connects square vertex built by the lines
in directions of (10) and (11) to form the closed octagon shape. Apparently, such octagon contact area
between the droplet and substrate is not a perfectly circle, which is usually assumed in the contact angle
measurement (and thermodynamical equilibrium consideration of the CL). Using Surface Evolver simulation
[2], the contact area for a 7µL droplet sitting on square pillars with the side length of 40µm and the area
fraction of 0.16 is obtained and shown in Figure 4.11, which shows an exact octagon shape. The observation
in the experiment is thus confirmed.
On an ideal composite surface consisting of air and a perfectly smooth solid surface, the wetted area
should be a circle according to the Cassie model [31]. However, the Cassie model is based on global energy
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minimization, and it does not consider hysteresis. Actually, in the Cassie state, hysteresis also exists.
However, its effect on the shape of the CL is small, hence, it is negligible. The hysteresis is mainly caused
by the moving CL pinning and depinning on the non-ideal solid surface with nano-scale roughness [37, 47,
79, 82, 86, 89, 119–121].
Once the droplet meets solid and forms a three-phase CL. The CL can not move freely, because the solid
surface is not perfectly smooth. External work is required for the CL to advance or recede [37, 47, 82]. A
composite interface, consisting of the top surfaces of the pillars and the air trapped among these pillars,
forms at the bottom of the droplet. Although the air is approximately frictionless, the top surfaces of the
pillars will cause pinning of the CL. More importantly, the edges of the pillar tops are strong pinning sites
[3, 82, 88, 122]. Thus, if fewer or small-size pillars lie under a droplet, the chance of pinning at the three-
phase CL will be less. The droplet is easier to approach the minimum energy state, resulting in a circular
wetted area. More or large-size pillars are prone to induce more pinnings, leading to non-circular wetted
area.
Therefore, the smaller the relative size of the droplet to the pillar size, the easier the CL will follow the
lattice arrangement (for instance, the CL is an octagon in a square lattice).
Large droplet
If the droplet volume is increased from 7µL to 20µL, shown in Figure 4.9(e) to (h), all contact area tends
to approach a circular shape. As indicated by Marmur et al. [118, 123], as the droplet volume is increased,
the CL approaches a circular shape on a large scale. The droplet will appear almost as a spherical cap. The
contact angle will approach the value predicted by Cassie equation, because that if the size of the droplet
becomes sufficiently large, the effect of local roughness on the droplet advancing or receding is negligible.
The droplet is thus more free to reach its minimum energy state, which results in a circular contact area.
For a surface with a large pillar density, the global CL shape is still approximately circular but with local
zigzag appearance. The high pillar density pattern provides more opportunities for CL to migrate between
pillars; however, since the substrate consists of many discrete micropillars, the CL meets discrete pillar tops,
and may be struck at an arbitrary location, and lead to the zigzag shape.
Wetted area shape on micropillars in hexagonal lattices
A similar phenomena as that discussed above can be observed for droplets sitting on cylindrical pillars in
a hexagonal lattice, shown in Figure 4.10. The difference is that for small droplets (7µL) sitting on surface,
in contrast with the octagon in square lattice of Figures 4.9(b) and (d), the contact area shape is closer to
a hexagon in Figures 4.10(b) and (d).
Summary
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To summarize, the wetted area shapes are studied for droplets with different volumes on cylindrical
pillars with different pillar sizes, area fractions and arrangements. The findings can be concluded as:
1. For small droplets (7µL), the shape of the wetted area is dependent on the pillar arrangement.
If the pillars are in a square lattice, the CL shape is approximately an octagon, which is confirmed by
Surface Evolver simulation; if the pillars are in a hexagonal lattice, the shape approaches a hexagon. This
phenomenon is more obvious for surfaces with a large pillar size.
2. For large droplets (20µL),the contact area shape is quite circular from a global perspective, regardless
of the pillar diameter, area fraction and pillar arrangement. Locally, the contact line is zigzag due to the
numerous pinning sites. The droplet must lie on a finite number of pillars.
Contact area size
Similar to previous sections, the contact area can be obtained. Each contact area measurement is repeated at
least for three times for each experiment to ensure the accuracy. The average is then calculated and plotted
against the area fraction φ in Figure 4.12 for micropillars in a square lattice, and in Figure 4.12 for micropillars
in a hexagonal lattice. In both Figures 4.12 and 4.13, the droplet volume is 7µL in (a), 13µL in (b) and
20µL in (c). A prediction curve, using the Cassie model (Equation 4.1) with the spherical cap assumption
(Equation 4.2), is also plotted in each figure for comparison. Each symbol in the figures corresponds to a
specific sample. Error bars represent standard deviation of the mean over several measurements. Information
for all samples is listed in Table B.4 for square lattice arrangements, and in Table B.5 for hexagonal lattice
arrangements.
For both square and hexagonal arrangements, Figures 4.12 and 4.13 show that:
1. The measured contact area depends on the volume of the droplet. It grows as the droplet volume
increases, which can be seen from sub-figures (a) to (c).
2. For each droplet volume, measured contact areas for samples with different pillar sizes fall in the same
range and can not be distinguished. The pillar size effect is not significant, which may be due to the narrow
range of the pillar sizes in the current experiment (25µm-60µm). As a result of this, the contact areas for
pillars in a square lattice and for pillars in a hexagonal lattice are also very close to each other. The effect
of lattice arrangements is not significant either.
3. As the area fraction increases, the contact area increases; but compared with the predictions of the
Cassie model with the spherical cap assumption, the contact area increases more slowly. The discrepancy
is mainly due to the fact that the Cassie model is not valid under our experiment conditions. The Cassie
model is an ideal case of a droplet wetting a substrate. As it is suggested [118, 123, 124], the relative drop
57
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0
1
2
3
4
5
square latticeV = 7 L
 sample (16)-(19)
 sample (11)-(15)
 sample (1)-(5)
 sample (6)-(10)
 SE simulation
 Cassie, sphere cap
co
nt
ac
t a
re
a 
A c
 (m
m
2 )
area fraction 
(a)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0
1
2
3
4
5
6
7
square lattice
 sample (16)-(19)
 sample (11)-(15)
 sample (1)-(5)
 sample (6)-(10)
 SE simulation
 Cassie, sphere cap
V = 13 L
area fraction 
co
nt
ac
t a
re
a 
A c
 (m
m
2 )
(b)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0
1
2
3
4
5
6
7
8
9
square lattice
 sample (16)-(19)
 sample (11)-(15)
 sample (1)-(5)
 sample (6)-(10)
 SE simulation
 Cassie, sphere cap
V = 20 L
area fraction 
co
nt
ac
t a
re
a 
A c
 (m
m
2 )
(c)
Figure 4.12: Contact area, Ac, of a droplet wetting cylindrical micropillars in a square lattice of sample, No.
(1)-(19) in Table B.4. Symbols represent the experimental values. The curve denotes the Cassie model with
the spherical cap assumption, calculated by Equations 4.1 and 4.2. The simulation results using Surface
Evolver are also plotted for comparison [2]. The droplet volume, V , is 7µL in (a), 13µL in (b) and 20µL in
(c).
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Figure 4.13: Contact area, Ac, of a droplet wetting cylindrical micropillars in a hexagonal lattice of sample,
No. (1)-(15) in Table B.5. Symbols represent the experiment values. The curve denotes the Cassie model
with the spherical cap assumption, calculated by Equations 4.1 and 4.2. The droplet volume, V , is 7µL in
(a), 13µL in (b) and 20µL in (c).
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size should be sufficiently large, about 3 orders of magnitude larger than the wavelength of the roughness,
for the Cassie model to be satisfactory. In our experiment, the smallest pillar diameter is 25µm. The largest
droplet has the volume of 20µL or 3.37mm in diameter. At the upper limit, the droplet size is only two
orders of magnitude greater than the roughness. The surface does not appear to be uniform enough for
the droplet to satisfy the condition required by the Cassie model. In addition, the existence of hysteresis
also inhibits the droplet from reaching the Cassie state. Thus, the measurement does not collapse on the
predicted curve. The contact angle results can further corroborate these conjectures.
4. Currently, there are no models which can predict the contact area for the finite ratio between the
droplet size and the pillar size. A full simulation based on thermodynamic equilibrium using Surface Evolver
is carried out [2]. In the simulation, the surface consists of identical square micropillars with the side length
of 40µm in a square lattice. The distance between pillars is varied to create area fractions of 0.09, 0.16, 0.25,
0.36, 0.49 and 0.64. The simulation is performed for droplet volumes of 7µL, 13µL and 20µL and results are
plotted in Figures 4.12(a), (b) and (c), respectively. The simulation results well predict the measurements.
The small discrepancy is due to the neglect of hysteresis in the simulation. It indicates that, currently, the
numerical simulation is the only way to study the wetting of a finite size droplet on micropatterned surfaces.
Contact angle measurement
Contact angle measurement is a conventional way to evaluate surface wetting properties, though it is not
accurate as discussed in chapter 1. Contact angles for samples No.(1)-(5) with the pillar diameter 43µm, and
samples No.(6)-(10) with the pillar diameter ∼ 57µm, both in a square lattice, are measured by Goniometer
(KSV CAM200), and plotted in Figure 4.14 Details of pillar dimensions are listed in Table B.4. The volume
of water droplet is determined by the size of the pipette tip on the goniometer, which is 11µL in our
experiment. Each of the symbol is an average of five measurements. The error bars are also plotted in the
figure. However, because the size of error bars are relatively small compared to that of the symbol, they are
not seen in Figure 4.14.
Though they are not expected to be agree with the experimental data, the predictions of the Cassie
equation, Equation 4.1, are also plotted in Figure 4.14 for comparison. From the figure, it is shown that:
1. For all pillar sizes, when the area fraction is small, the measured contact angles are over-predicted by
the Cassie equation. However, as φ increases to about 0.35, the measured contact angle coincides with the
predictions. When φ is larger than 0.35, the experiment data are larger than the predictions. The deviation
of the measured contact angle from the prediction indicates that the contact area between the droplet and
the substrate may be larger than that predicted by the Cassie model with the spherical cap assumption
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Figure 4.14: Contact angle of droplet wetting cylindrical micropillars in square lattice of sample No. (1)-(10)
in Table B.4. Symbols represent the experiment values. Curve denotes Cassie model.
(Equation 4.1 and 4.2) for the droplet shape at a small area fraction φ. The droplet base more readily
expands on a surface with a small φ, which leads to a small contact angle and a large contact area. As φ
increases, the deviation reduces.
2. For a pillar size around 43µm (sample (1)-(5)), the measured contact angles at a small area fraction
are larger than that for a pillar size around 57µm (sample (6)-(10)). This indicates that the smaller the pillar
size, the larger the hydrophobicity, though the effect is not notable. As the pillar area fraction increases,
the contact angles for samples with different pillar sizes are approximately the same.
3. The trend of the contact angle measurements does not seem to approach the contact angle of the flat
PDMS surface as the area fraction approaches 1. The reason for this is currently unclear. More measurements
at the large area fraction should be carried out in the future.
The trend of the contact angle curve further verifies our conjecture qualitatively, which is that the Cassie
model may not be valid under the current experiment conditions. A quantitative analysis is not possible
here, because the contact area and contact angle measurements are performed separately. A simultaneous
measurement of both the contact area and the contact angle for a same droplet will be more desirable in
order to determine the energy state of the droplet wetting the substrate.
Summary
To summarize, the shape and size of the contact area of the droplet wetting the substrate with pillars in
square and hexagonal lattice is discussed. The CL is not circular for small droplets in the experiments; it is
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determined by the arrangement of the micropillars. For large droplets, the contact area shape tends to be
circular. Regarding the size of the contact area, the Cassie model fails to predict our experimental results,
because the relative droplet size is not large enough compared to the roughness. The possible hysteresis may
also lead to the discrepancy. Our measurements are repeatable and self-consistent.
If a valid contact area comparison between experimental data and Cassie predictions is required, larger
droplets may be employed. However, using larger droplets is not applicable in our experiment. Because the
smallest pillar size is 25µm, the droplet size required would be around 25mm, and the effect of gravity will
be significant. The spherical cap shape assumption in this situation would not hold.
One way to address this problem would be to perform a full simulation based on thermodynamic equi-
librium. As the droplet volume, V , and the micropillar size are known. The information is then passed into
Surface Evolver for simulation. The global minimum energy state can be calculated. From the simulation,
the contact area size and shape can be also obtained and compared with the measurement. The simulation
shows excellent agreement with the experiment.
Contact angle measurement is only one method of investigating surface wetting properties. Adding the
contact area information for droplets wetting hydrophobic surfaces lends more confidence to the contact
angle measurements, and also more insight into the wetting mechanism.
4.3 Experiment Results and Discussions Part II: CL Dynamics
During Droplet Impact, Coalescence, and Withdrawal
The fluorescein dye technique of the visualizing the static CL can also be used to study CL dynamics study.
This section will focus on how the CL evolves at high speed during droplet impact with the micropatterned
surfaces, as well as droplet coalescence, and retraction on microtextured surfaces.
4.3.1 Droplet Impact with Micropatterned Substrate
In addition to the fluorescence microscope which provides a bottom view, a second high speed camera is set
up to record the side view of a droplet impacting a micropatterned substrate. The bottom view video is
captured by a high speed camera (Phantom v310, Vision Research) through an inverted microscope (IX71,
Olympus). The side view video is captured by another high speed camera (Casio EXF1). The synchronization
of two cameras is achieved by the time of turning on the laser, which is used to excite the fluorescein in the
drop. Both cameras record video at a rate of 1200 frames per second. The drop is released from a flat-end
stainless steel needle with a syringe pump (PHD Ultra, Harvard Apparatus). The distance from the syringe
62
tip to the microstructured surface is fixed at 5.4mm. Depending on the distance, h, from the bottom of the
droplet to the substrate before the droplet is released, the droplet will reach a speed of
√
2gh when impacting
the substrate. Because of the tip dimension and material, as the pump inflates the drop, it will generate a
volume of 8µL and the drop starts to fall down onto the substrate. The droplet radius is R = 1.24mm, and
the impacting speed is V = 0.24m/s. The experiment is done at room temperature and ambient pressure.
The impacts on uniform micropatterned surfaces and surfaces with a roughness gradient are both studied.
Impact on surface with uniform roughness
Figure 4.15 shows detailed evolutions of an 8µL drop impact on a micropatterned substrate, with pillar
diameter 43µm, and center-to-center spacing 108µm, sample No.(1) in Table B.4. In each snapshot, the left
figure shows the bottom view and right figure shows the side view.
At time 0ms in Figure 4.15(a), the drop starts to detach from the needle and falls down. It eventually
impacts the substrate with speed V = 0.24m/s. In this experiment, the Capillary number Ca = ηV/γ (where
η is the liquid viscosity and γ the surface tension) is small, Ca ∼ 3 × 10−3. Surface tension plays a much
more important role than viscosity. Thus, the droplet can behave as a spring of mass on the order of ρR3
(where ρ is the liquid density), and stiffness γ [125, 126]. Once the droplet touches the substrate, the base
contact area, Ac, begins to expand. As shown in Figure 4.15(d), at time 15ms, the contact area reaches its
maximum. Up to this point, a part of the kinetic energy of the drop is dissipated by the viscous force, and a
part is converted into surface energy, including both the drop free surface and the solid-liquid interface. The
remaining kinetic energy is still large enough to allow the CL to recede. As the micropatterned surface has
very low hysteresis, the CL can recede freely without paying too much energy. After retraction, the total
energy including surface energy and remaining kinetic energy, may not be fully dissipated. The contact area
would decrease to zero and the drop would rebound. Such impact-rebound process is just like the liquid
spring behavior. It has the typical response time of τ ∼ (ρRγ )1/2, which is on the order of 10ms in the current
experiment. This time scale is confirmed by our experiment, which will be discussed later.
Figure 4.15(g) shows the moment at 23.33ms just before rebound. It rebounds from the substrate as an
intact drop, and is then dragged by gravity to approach and impact the substrate again, as shown in Figure
4.15(h)-(j) and (k)-(t).
Figure 4.15(k)-(t) shows the drop falling down again from a smaller height (0.8mm measured from the
droplet bottom to the impact surface) than the first time impact (5.4mm). The energy difference between
two impacts is mainly caused by the energy dissipation of CL at advancing and receding. The second impact
appears to go through a similar process of contact area expansion and retraction, Figure 4.15(k)-(p). In the
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(a) 0 ms (b) 8.33 ms
(c) 11.67 ms (d) 15.00 ms
(e) 17.50 ms (f) 20.83 ms
(g) 23.33 ms (h) 26.67 ms
(i) 33.33 ms (j) 41.67 ms
Figure 4.15: An 8µL droplet impact with PDMS micropillars of sample No.(1) of Table B.4.
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(k) 45.00 ms (l) 47.50 ms
(m) 51.67 ms (n) 53.33 ms
(o) 54.17 ms (p) 62.50 ms
(q) 70.83 ms (r) 79.17 ms
(s) 89.17 ms (t) 99.17 ms
Figure 4.15: An 8µL droplet impact with PDMS micropillars of sample No.(1) of Table B.4, (cont’d).
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Figure 4.16: Evolution of the contact area during the first impact and the second impact after rebound.
final stages, Figure 4.15(q)-(t), the remaining kinetic energy approaches zero. The drop will keep an almost
constant contact area and oscillate until the remaining kinetic energy is dissipated by the viscous dissipation
in the fluid.
The evolution of the contact area is plotted in Figure 4.16. The contact area during both impacts first
increases and then decreases. Ac will decrease to zero as the drop rebounds after the first impact. The
time of the droplet in contacting with the substrate is 15ms, which is approximately on the same order of
τ ∼ (ρRγ )1/2. In the second impact, Ac will approach a constant value after the drop is captured by the
substrate. The maximum contact area in the first impact is higher, simply because the incident energy is
higher. The difference of the incident energy (the kinetic energy just before drop impact with substrate)
between two impacts indicates the dissipation caused by CL motion on the micropatterned surface. The
limited data points on the curve are because that a low frame rate is used in this experiment and it does
not capture all moments of the contact area evolution.
Droplet impact with surface with roughness gradient
In this section, instead of using a surface with uniformly distributed micropillars, a surface with a roughness
gradient is employed. On each sample, the size of the PDMS micropillar is identical. These micropillars are
patterned with a slowly varying center-to-center distance, which creates a linearly varying area fraction in
one direction. As the wettability of the sample surface can be controlled by the area fraction. A series of
PDMS micropillars with varied spacing on surfaces could alter the area fraction and thus generate surface
66
energy gradient. The detailed design of the roughness gradient is discussed in Appendix B.7.
Figure 4.17 shows the snapshots of an 8µL droplet impact with the micropatterned surface at a speed of
0.24m/s. The impact is recorded by the same camera setup previously described. The surface roughness is
composed of micropillars 50µm in diameter with varying center-to-center spacing from 60µm to 150µm. This
design generates an area fraction gradient of ∇φ = 0.15(mm−1) along one direction (up-and-down direction
in the bottom view, and left-to-right direction in the side view). To minimize the total free energy, the
droplet tends to wet the region with more solid (or region with more pillars in the current surface pattern).
Thus, the whole droplet prefers to move to the region with large area fraction, which can be seen by the
impact images in Figure 4.17.
Once the droplet hits the surface, it starts to spread, as shown in Figure 4.17(a) and (b). In the impact,
the incident kinetic energy of the droplet is comparable to its surface energy, Weber number ρV 2R/γ = 2.
However, the effect of the surface energy gradient is smaller than that of kinetic energy. So that the spreading
appears almost axisymmetric. In Figure 4.17(b), the droplet is most deformed, then rebounding occurs from
Figure 4.17(c) to (e). The contact area recedes during the rebounding. Unlike the receding process in Figure
4.15, which is uniform, the receding on the current surface is asymmetric. The receding is more significant
in the pillar-sparse-region than in the pillar-dense-region, as shown in Figure 4.17(d) and (e). The sparse
region has fewer pillars and thus less pinning and less resistance to receding, while receding in the dense
region is more resisted. It is shown clearly in Figure 4.17(e) that the droplet (in the side view) is asymmetric.
The droplet gains a horizontal velocity component towards the pillar-dense-region (to the right in the side
view). As the remaining kinetic energy after retraction is not sufficient to overcome the hysteresis from the
substrate, the droplet base is pinned on the surface and rebound cannot happen. At the end of retraction,
in Figure 4.17(e), all remaining kinetic energy after viscous dissipation converts into surface energy of the
droplet and interfacial energy of the wetted area. The droplet will then be dragged toward the substrate in
Figure 4.17(f). There is less resistance to advancement of the contact area in the pillar-dense-region than in
the pillar-spare-region, which causes the CL and whole droplet to migrate further toward pillar-dense-region.
After this moment, the total energy diminishes. The droplet will vibrate until it reaches equilibrium. The
asymmetric receding and advancing of the CL continues, although less significant as in (a)-(f). Eventually,
the whole droplet moves to the pillar-dense-region by approximately 0.6mm in Figure 4.17(j), compared
with (a). It is expected that the lateral velocity and displacement of the droplet would be greater if a larger
impact velocity were used.
Unlike normal impact on a surface of uniform roughness, additional lateral velocity and displacement
are gained from normal impact on a surface with an area fraction gradient. The reason is mainly due to
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(a) 0 ms (b) 5.83 ms
(c) 7.50 ms (d) 10.83 ms
(e) 14.17 ms (f) 26.67 ms
(g) 36.67 ms (h) 43.33 ms
(i) 51.67 ms (j) 59.17 ms
Figure 4.17: High speed video images of an 8µL droplet impact with PDMS micropatterned surface, com-
posed of identical micropillars of 50µm in diameter. The area fraction has a gradient of ∇φ = 0.15(mm−1)
along one direction. In each figure, the bottom view is shown on the left and the side view is shown on the
right.
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the energy difference of the CL during advancing and receding. Thus, in addition to tailoring the droplet
characteristics (size, velocity, fluid property), the impact surface can be specially designed to control the
impact and rebound velocities.
4.3.2 Two Droplets Coalescing on Micropatterned Substrate
In this experiment, two 7µL drops of fluorescein-DI water mixture are deposited gently using a micropipette
on a micropatterned surface consisting of PDMS micropillars. The surface is hydrophobic and the contact
angle is greater than 90◦. Two drops are placed close to each other, but not touching. The distance between
two drops is determined by the closest points on the curved surfaces of the drops above the contact area,
rather than the nearest distance between CLs. A syringe is used to blow one drop gently towards the other
without changing the shape of the CL. The drop surface will deform and then touch with the other drop.
The coalescence happens in milliseconds. The fast coalescence is captured at 3100 frames per second by a
high speed camera (Phantom v310, Vision Research) through an inverted microscope (IX71, Olympus) from
the bottom.
Figure 4.18 shows the coalescence process. At 0ms in Figure 4.18(a), the drop at the top of the figure is
blown toward the other droplet, and the liquid bridge starts to form between the drop surfaces. For both
drops, the CL is not yet in motion. Due to the negative surface curvature in the bottleneck region of the
liquid bridge [54], the surface tension will drive the composite drop surface of this region to expand along
its center line . However, this region still does not touch the substrate. As shown in Figure 4.18(b), the CL
of two drops has not changed. As the neck region continues to expand along the center line, at 2.26ms in
Figure 4.18(c), the liquid bridge reaches the substrate and the CL forms a dumbbell shape. Figure 4.18(d)
and (e) show that the CL continues to expand in the center region, forming nearly straight lines. The CL
at the top and bottom of Figure 4.18(e) has not yet begun to recede. In Figure 4.18(e)-(h), the CL shrinks
at the top and bottom of the figure and migrates towards the center line and continues to expand along the
center line.
In Figure 4.18(i)-(l), because of the surface energy and remaining kinetic energy, the newly formed long
axis of the composite drop decreases in length and the short axis increases. The composite drop recovers
its initial shapes, then continues to elongate and shrink in this manner with decreasing amplitude. Finally,
because of the viscous dissipation, the composite drop will reach its equilibrium shape with nearly spherical
surface and circular contact area.
Low hysteresis, or resistance of the hydrophobic surface to the CL motion, leads to a faster drop coales-
cence, but also a longer relaxation time for the composite drop to reach its final equilibrium shape.
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(a) 0 ms (b) 1.29 ms (c) 2.26 ms (d) 2.90 ms
(e) 4.19 ms (f) 6.13 ms (g) 9.35 ms (h) 12.58 ms
(i) 15.80 ms (j) 19.03 ms (k) 22.26 ms (l) 24.84 ms
Figure 4.18: CL motion of two 7µL droplets coalescing on the micropatterned surface of sample No.(1) in
Table B.4.
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(a) 0 ms (b) 20 ms (c) 40 ms (d) 60 ms (e) 80 ms
(f) 100 ms (g) 120 ms (h) 140 ms (i) 160 ms (j) 180 ms
Figure 4.19: CL motion as a 13µL droplet is withdrawn at a rate of 4.9 mL/min from the micropatterned
surface of sample No.(6) in Table B.4.
4.3.3 CL Receding on Micropatterned Substrate
Cylindrical micropillars in a square lattice
The video of the CL receding is captured at a rate of 1000 fps. The droplet volume is 13µL, which is
withdrawn from the substrate at a rate of 4.9 mL/min. As shown in Figure 4.19, the CL recedes rapidly by
depinning from pillar tops, in a discrete, stepwise way. Eventually, the droplet is entirely removed, leaving
no residue on the surface. Again, it is confirmed that the droplet is in the Cassie state; no liquid is trapped
between micropillars.
To study the dependence of the CL retraction on liquid removal rate, a smaller withdrawal speed,
10µL/min is applied. Additionally, the slower liquid removal and CL receding may also provide additional
information about the receding contact angle measurement. The video of the CL receding is captured at 30
fps. The snapshots of the CL retraction are shown in Figure 4.20. Because the water removal rate is low, the
droplet top initially shrinks and the CL is pinned at first. As shown in Figure 4.20(a) and (b), the droplet
top is reducing but the CL and contact area stays nearly the same. When the contact angle reaches the
receding angle, which is an acute angle (the outermost blurring ring outside the CL thus disappears from
Figure 4.20(a) to (b)), the CL starts to retract, as shown in Figure 4.20(b) to (h).
From the figures, it is seen that the receding of the CL is not perfectly symmetric. The resulting CL
shape is not a perfect circle. The CL is always pinned on pillar tops, leading to protrusions or fingering
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(a) 0 s (b) 3.33 s
(c) 6.67 s (d) 10.00 s
(e) 13.33 s (f) 16.67 s
(g) 20.00 s (h) 23.33 s
Figure 4.20: CL motion as a 13µL droplet is withdrawn at 10µL/min from the micropatterned surface of
sample No. (1) in Table B.4.
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of the contact area shape. The corresponding receding angle is thus not a unique value; it depends on the
side from which the observation is made. Furthermore, the receding CL shows significantly more discrete
behavior here than in the fast withdrawal case in Figure 4.19.
Strip patterned surfaces
The CL receding experiment is also carried out on strip patterned surfaces. A syringe pump is used to
withdraw a 13µL droplet from the substrate at a rate of 10µL/min.
Figure 4.21 shows the CL evolution as the droplet is withdrawn from a substrate. The strips have the
width of 55.6µm and are uniformly space, creating an area fraction of 0.41. As it can be seen in the figure,
the CL retracts first along the strip direction (top and bottom in the figure), then as the curvature of the
droplet surface near the CL in the direction normal to the strip (left and right in the figure) becomes large,
the CL jumps to a neighboring inner strip to reduce the surface energy. The whole process is symmetric in
both the direction along and perpendicular to the strips.
Figure 4.22 shows the CL evolution as the droplet is withdrawn from the substrate with constant strip
width 50µm. The distance between strips can be tuned to alter the area fraction. It creates an area fraction
gradient ∇φ = 0.10mm−1. As the spacing on the left of the figure is larger than the right (thus the area
fraction is smaller on the left), the CL always recedes easier from the left. Similar to the uniform area
fraction strip surface, the CL recedes first along the strip direction (vertical direction in the figure), and
then jumps from an outer strip to a neighboring inner strip. Meanwhile, the CL also recedes along the
strip direction on the right side, however, it is still pinned at the rightmost strip and the CL cannot jump.
The CL and contact area take a clearly asymmetric shape, until the contact area becomes small enough to
only cover a few strips. Then the difference in the strip spacing also becomes small, and the CL retraction
becomes more symmetric like the retraction on uniformly spaced strips shown in Figure 4.21.
4.4 Conclusions
In this chapter, a new technique is proposed to image the contact area formed between a droplet and a
hydrophobic, micropatterned surface. By introducing a fluorescein dye into the droplet and using an inverted
fluorescence microscope, the shape and size of the contact area can be measured from the fluorescence images.
The CL topology in the static case of a droplet sitting on surfaces patterned with micropillars can be imaged
and analyzed. The real-time CL motion during dynamic processes, e.g., drop impact, coalescence and CL
retraction, can also be captured.
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(a) 0 s (b) 2 s
(c) 4 s (d) 6 s
Figure 4.21: CL motion as a 13µL droplet is withdrawn from a surface composed of 55.6µm wide strips with
uniform spacing, which generates an area fraction φ = 0.41. The detailed dimensions of the surface features
are listed Table B.1.
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(a) 0 s (b) 0.5 s
(c) 1 s (d) 1.5 s
Figure 4.22: CL motion as a 13µL droplet is withdrawn from the surface composed of 50µm wide strip
with decreasing spacing from left to right, which generates an area fraction gradient ∇φ = 0.10mm−1. The
detailed design of the roughness gradient is discussed in Section B.7.
75
In the static case, the following results are reached: Firstly, instead of measuring contact angle, the current
technique can be used to directly distinguish whether a droplet impales the spacings between micropillars
on a hydrophobic, micropatterned surface. It may provide a new way to study the transition between the
Cassie state (droplet sitting on pillar tops with air pockets trapped) and the Wenzel state (droplet impales
grooves between pillars and conforms to the surface roughness). Secondly, the anisotropic wetting of a
surface textured with parallel grooves is also presented. The contact area is found to be elongated along the
groove direction and squeezed along the perpendicular direction, because of the substrate anisotropy. The
size of the contact area is not well predicted by the Cassie model due to the strong pinning from the strip
edge and the insufficient relative size of the droplet to the strip. Thirdly, anisotropic wetting on cylindrical
micropillars in rectangular lattices is also investigated. The size of the contact area is not dependent on the
anisotropy ratio, but instead mainly dependent on the area fraction. The CL shape is similar to that on
parallel grooves. Fourthly, the shape and size of the contact area of a droplet wetting a substrate with pillars
in square and hexagonal lattices is discussed. The CL topology for small droplets is mostly determined by
pillar arrangement in the substrate. As the droplet size grows, the CL approaches a circle regardless of the
substrate lattice. Over the current micropillar size range (25-60 µm), the pillar size effect and the pillar
arrangement effect on the contact area are not prominent. Wetting characteristics can not be predicted by
the Cassie model because of hysteresis of the surface and the insufficient ratio of the droplet size to the pillar
size. The contact angle measurement further validates this conjecture.
In the dynamic case, a droplet impacting a substrate composed of cylindrical micropillars in a square
lattice is observed using a high speed camera. Because of the surface hydrophobicity, the CL during impact
moves readily on the pillar tops without losing much energy, and then the droplet rebounds from the
substrate. The contact area evolution during the kinetic stage is found to be linear in time. Impacting and
rebounding are also observed on a substrate with a pillar density gradient. An additional lateral velocity
and displacement are gained during the normal impact. The impact surface may be specially designed
to control the impact and rebound velocity. This new imaging technique can also be used to study two
droplets coalescing on the hydrophobic surface. The surface-tension-driven coalescence can happen within
milliseconds. The low hysteresis of the hydrophobic surface consumes less energy during CL motion. CL
receding on micropatterned surfaces is also analyzed. CL receding is significantly discrete in the slow receding
than in the fast receding. For strip patterns, the CL recedes more easily in the strip direction because of
the lower energy barrier compared to the direction perpendicular to the strips. CL receding is also found to
be favored in the regions with lower area fraction, because of the low hysteresis to the CL.
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Chapter 5
HYSTERESIS ON HYDROPHOBIC
MICROPATTERNED SURFACES
5.1 Experimental Setup for Direct Measurement of CL
Hysteresis
To image the contact line (CL) and contact area between a droplet and a surface, the fluorescent dye -
fluorescein disodium C20H10Na2O5 (purchased from Fisher Scientific) is mixed with DI water and used as
the liquid in the present experiments. The mass fraction of the fluorescein in the fluorescein-DI water solution
is 6.44ppm.
The experiment setup is schematically shown in Figure 5.1. The microscope used in the experiment
is an inverted fluorescence microscope (Olympus IX71). A droplet with volume 10µL, is gently deposited
on the transparent PDMS (Polydimethylsiloxane) substrate, which has micropatterned roughness. Laser
light with wavelength 460nm from the microscope excites the fluorescein in the droplet. The light emitted
by fluorescein, which is at 521nm (a longer wavelength than the illumination), is then detected through
a microscope objective under the PDMS substrate. Videos can also be captured by a high speed camera
(Phantom v310, Vision Research) through the objective.
The microforce sensor and data acquisition system used in the experiment are purchased from Nanoscience
Instruments, Inc. The sensor, FT-S540, with force measurement range of ±180 µN, is developed by Fem-
toTools. It is a capacitive MEMS micro force sensor that has a high sensitivity (90µN/V), good linearity
(< 4%) and fine resolution (0.3µN at 1000Hz). The sensor includes internal circuit which converts the
measured load into the output voltage (0-5V). The force signal is then recovered from the measured voltage
using the data acquisition system (micro controller, FemtoTools), and the output is recorded on a computer
using Labview software.
As shown in Figure 5.2, the sensor probe is made of Si, with width 300µm. The tip is even smaller at
50µm in width. A sphere of PDMS ∼ 2mm in diameter is glued to the probe in order to contact the droplet
and prevent detachment while the droplet is dragged on the target surface. A PDMS sphere is used because
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objective
PDMS with
roughness
Droplet with
fluorescein
PDMS sphere
Force sensor
Data acquisition
system
V Stage
High speed camera
Computer
Figure 5.1: Schematic of the apparatus used to measure the friction force of a liquid drop sliding on a
micropatterned surface. In the experiment, the drop adheres to the PDMS sphere by wetting, which is then
connected to a force sensor. The microscope stage, controlled by computer, is moving away from the sensor
at a speed of V . The drop will then slide on the surface while remaining in contact with the stationary
PDMS sphere. The friction force, i.e., hysteresis is measured by the force sensor and collected with a data
acquisition system. The motion of the CL and contact area are captured by a high speed camera (Phantom
v310, Vision Research) using a fluorescence microscope.
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(a) (b)
Figure 5.2: Close up image of the force sensor tip, on which a PDMS sphere is glued. (a) Top view. (b) Side
view.
it has a large enough surface area to allow the droplet to adhere. PDMS surface is hydrophobic, so it is not
fully wetted by the droplet. It can largely maintain the droplet shape and protect the sensor from being
wetted.
In all trials, the droplet volume is fixed at 10µL. Before each trial, a droplet is dispensed on a micropat-
terned PDMS surface, which is then transferred to the microscope stage. After focusing the microscope on
the contact area between the droplet and microstructured surface, the force sensor is carefully brought into
contact with the droplet by a micromanipulator and fixed in place. The Labview controlled microscope stage
moves slowly away from the force sensor at a constant speed of 0.062mm/s. The droplet is held in place by
the force sensor as it slides on the micropatterned surface. A sampling frequency of 200Hz is adopted for
both the force sensor and the high speed camera. For each surface pattern, the experiment is repeated at
least three times.
5.2 Experiment Results and Discussions
Before each experiment, the load signal is first zeroed. Even when there is no load applied on the sensor,
there will still be a force signal output from the force sensor, as show in Figure 5.3. The fluctuation around
0µN is about ±0.4µN, due to the natural vibrations in the laboratory.
A typical force vs. time curve is shown in Figure 5.4. The curve is obtained using an 11 points, unweighted
moving average. This data processing is used for all force measurements in this chapter. The sample surface
used for this curve is sample No.(6) of Table B.3, which consists of square pillars of side length 57.1µm in a
square lattice with center-to-center spacing of 134.8µm.
The snapshots of the corresponding bottom view, the CL and contact area, captured by the microscope
with a high speed camera are shown in Figure 5.5. The side view is monitored by another camera, the
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Figure 5.3: The sensor output voltage at zero load. The variation is caused by natural vibrations in the
laboratory.
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Figure 5.4: Measured force vs. displacement of the droplet as the droplet is dragged on a micropatterned
surface. The surface consists of square pillars of side length 57.1µm in a square lattice with center-to-center
spacing of 134.8µm, sample No.(6) in Table B.3.
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(a) (b)
(c)
Figure 5.5: Bottom view of a 10µL droplet being dragged to slide on a PDMS substrate, composed of square
pillars of side length 57.1µm in a square lattice with center-to-center spacing of 134.8µm. (a) PDMS sphere
on the sensor probe just touching the droplet; (b) maximum force generated during sliding. The contact
area between the droplet and substrate is at the maximum. The lateral sides of the CL (top and bottom in
the figure) will shrink towards the center; (c) steady state sliding of the droplet. The force generated during
sliding maintains an almost fixed amplitude and period due to regular pinning and depinning of the CL at
the trailing edge. The shape of the contact area remains unchanged with successive jumps of the CL at the
trailing edge and migration of the CL at the leading edge.
81
(a) (b)
(c)
Figure 5.6: Side view of a 10µL droplet being dragged on a PDMS substrate, composed of square pillars
of side length 57.1µm in a square lattice with center-to-center spacing of 134.8µm. (a) PDMS sphere on
the sensor probe just touching the droplet; (b) maximum deformation of the droplet, corresponding to the
maximum force generated during sliding; (c) steady state sliding of the droplet. The force generated during
sliding remains almost constant. The shape of the droplet remains unchanged, with successive detachment
and attachment at the droplet’s trailing edge, and continuous wetting at the advancing edge.
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snapshots from which are also shown in Figure 5.6.
The force evolution of a droplet sliding on a micropatterned surface can be divided into the following
stages.
Attachment: At first, as the sensor is brought into contact with the droplet, the droplet partially wets
the PDMS sphere surface and adheres to it, shown in the side view Figure 5.6(a). The droplet is slightly
displaced and a traction force is generated on the sensor upon adhering. The magnitude of the force depends
on the relative location of droplet and PDMS sphere. As shown at the beginning of the curve in Figure
5.4, the initial force is 29µN in this trial. At this moment, the contact area and CL maintain their original
shape, because of contact angle hysteresis (CAH), as shown in Figure 5.5(a).
Force Increases: As the microscope stage starts to move at a speed of 0.062mm/s away from the
sensor, the adherence between the PDMS sphere on the sensor tip and the droplet is strong enough so that
the PDMS sphere holds the droplet in place as the micropatterned surface moves beneath it. The traction
force needed to overcome the friction is thus measured by the force sensor. As shown in Figure 5.4, as the
stage begins to move, the force increases monotonically before reaching a nearly maximum value. Initially,
the force increase is almost in a linear fashion. It is similar to a uniaxial tensile test where the material
response is linearly elastic before the upper yield point is reached. The contact area does not change during
this process; the CL at the front and back side of the contact area is pinned and does not move.
As the droplet is dragged further by the sensor, the force curve reaches the end of the linear region, and
the force curve starts to oscillate. This happens because the CL detaches periodically from the pillar tops
at the trailing edge, and the droplet starts to move forward (if one imagines that the stage is stationary
and the relative motion of the droplet is moving forward). In the meantime, the CL at the front edge also
begins to protrude forward. As the phenomena above are happening, the CL also starts detaching at the
two lateral sides (top and bottom of the contact area in Figure 5.5(a)). The detachment starts from the
corners of the back and lateral sides and propagates forward. The CL at the lateral sides thus breaks and
shrinks towards the center of the droplet. Just before the CL detaches from the last pillar at the outermost
lateral sides, the total resistance force reaches a maximum.
Maximum Friction Force: The maximum force on the curve is the maximum resistant force generated
during the dragging, denoted by Fm. The contact area takes a shell-shape, shown in Figure 5.5(b). It can
be seen from the side view that the droplet deforms most at this moment, shown in Figure 5.6(b). Passing
this point, the lateral sides of the CL continue to detach from the substrate and shrink towards the droplet
center. Consequently, the force will decrease.
Force Decreases: The CL segments at the two lateral sides start to detach from the pillar tops, one
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after another, from the back side corners to the front side. As the CL detaches from the the last pillar
at the outermost lateral side, it jumps toward the center line, whose direction is parallel to the movement
of the stage. During this process, the CL at the trailing edge continues to detach, leading to the periodic
oscillation of the descending force curve in Figure 5.4.
Steady state: As two lateral sides of the CL jump toward the center line, the friction force decreases
until the steady state is reached. Meanwhile, the trailing edge of the CL continues to detach and the leading
edge continues to protrude, both in a periodic manner. When it reaches a steady state, as shown in Figure
5.5(c), the CL shape now is almost rectangular with rounded front and back ends and straight lateral sides.
This CL shape in the steady state is due to the arrangement of the pillars, which is a square lattice, since
the moving direction is along the 〈10〉 direction of the lattice, the CL tends to take short-cut across the
nearest pillars in the lattice in order to reduce the total free energy. Thus, the CL forms a straight line at
both lateral sides of the contact area. The front and back side are close to circular arcs.
The shape of the force curve during the steady state remains almost unchanged, jumping up-and-down
around an average value, as shown in the inset of Figure 5.4. This average force value is denoted by Fs. The
periodic sudden drop of the force curve is mainly caused by the periodic detachment of the CL from the
pillar tops at the trailing edge [3, 82], especially the CL depinning from the last column of micropillars. At
the advancing edge, the meniscus continuously and smoothly lies down on pillar tops, which is essentially
a wetting process. The resisting force caused by this wetting process can be neglected. For the current
sample, micropillars with side length of 57.1µm in a square lattice with center-to-center spacing of 134.8µm,
the average amplitude of the force jump during the steady state is 4.6± 0.6µN, shown in the inset of Figure
5.4. The amplitude is calculated by averaging all the maximum-to-minimum differences on the curve during
the steady state. This is the magnitude of the force needed for the CL to make one set of detachment a
column of pillars. As the force drops and the CL depins from the last column of pillars, for this sample,
there are usually 3 − 4 pillars wetted in the last column. Thus, if assuming each pillars in the last column
contributes equally, on average, depinning from one pillar requires ∼ 1.2 − 1.5µN. The frequency of the
force drop depends on both the translational speed and the spacing of the micropillars. In this trial, the
translational speed is 0.062mm/s and pillar center-to-center spacing is 134.8µm. The period of each force
drop is 2.17s (or 0.135mm if distance is used), which can be seen in the inset of Figure 5.4.
The video from the side view, one frame of which is shown in Figure 5.6(c), also shows that during the
steady state, the droplet motion on the micropatterned surface is discrete and stepwise, microscopically,
especially at the trailing edge. The deformation of the droplet is alleviated in the steady state, compared
with the shape in Figure 5.6(b), in which the droplet is most deformed.
84
The maximum force Fm and/or the steady state force Fs can then be used to evaluate precisely how
hydrophobic the surface is. If the surface needs larger force in order to move a droplet, it is sticky and
less hydrophobic. If the force is very small, then a small perturbation, such as air blow acting on the
droplet, will readily remove the droplet, which means the surface can efficiently remove water and thus it is
superhydrophobic.
5.2.1 Effect of Pillar Size and Density on Fm and Fs
The friction force of a droplet sliding on a substrate is measured for different surface micropatterns. The
force curve is found to be oscillatory rather than smooth because of the successive pinning and depinning
of the CL. To compare different surface structures, the maximum force, Fm, is used and it is defined as the
maximum value on the force curve. The steady state force, Fs, is also used and is obtained by averaging all
the measured force values in the steady state. For the micropatterned surface with square micropillars of
different side lengths, b, and area fractions, φ, in a square lattice, Fm and Fs are plotted against φ in Figure
5.7(a) and (b). For cylindrical pillars in a square lattice, Fm vs. φ and Fs vs. φ are plotted in Figure 5.8(a)
and (b). Figure 5.9(a) and (b) show Fm vs. φ and Fs vs. φ for cylindrical pillars in a hexagonal lattice. In
all figures, the error bar on each point indicates the standard error of the mean calculated from all trials for
each sample.
The maximum force and steady state force are analogous to the maximum static friction and dynamic
friction for a solid sliding on a flat surface. Only if the dragging force is larger than a maximum value (Fm),
will the solid (or droplet in our experiment) start to move. After the solid (droplet) starts to move, in order
to maintain a constant speed, the dragging force must equal a constant value, the steady state force or
dynamic friction force.
From Figures 5.7, 5.8 and 5.9, it is seen that, for micropillars of any shape (square or cylinder), size, or
lattice arrangement (square or hexagon), as φ increases, both Fm and Fs increase. Fm and Fs are mainly
determined by number of pillars along the perimeter in the contact area. As φ increases, there will be more
pillars along the perimeter, which provide more pinning sites and lead to a larger friction force [3].
From Figures 5.7 and 5.8, it is seen that the force values for large size of square pillars are larger than
those for small pillars, however, the effect is relatively small. For large square pillars, the CL will be longer
than on smaller pillars. The longer CL will lead to greater resisting forces. Because the pillar sizes used in
this experiment span a narrow range (27-55µm), a significant effect on the maximum or steady state force is
not seen. The size effect is even less significant for samples of cylindrical pillars in a hexagonal lattice. For
instance, in Figure 5.9, the force values are almost identical for different pillar sizes.
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Figure 5.7: Measured force for a droplet dragged on micropatterned surfaces with square micropillars of two
different side lengths. Pillars are arranged in a square lattice. (a) Maximum force; (b) Steady state force.
Samples used in the experiment are listed in Table B.3. The error bar on each point indicates the standard
error of the mean calculated from all trials for each sample.
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Figure 5.8: Measured force for a droplet dragged on micropatterned surfaces with cylindrical micropillars
of different diameters. Pillars are arranged in a square lattice. (a) Maximum force; (b) Steady state force.
Samples used in the experiment are listed in Table B.4. The error bar on each point indicates the standard
error of the mean calculated from all trials for each sample.
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Figure 5.9: Measured force for a droplet dragged on micropatterned surfaces with cylindrical micropillars of
different diameters. Pillars are arranged in a hexagonal lattice. (a) Maximum force; (b) Steady state force.
Samples used in the experiment are listed in Table B.5. The error bar on each point indicates the standard
error of the mean calculated from all trials for each sample.
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5.2.2 Effect of Pillar Shape and Arrangement on Fm and Fs
From comparison between Figures 5.7 and 5.8, it is seen that the measurements of force vs. area fraction
for square micropillars in a square lattice and for cylindrical micropillars in a square lattice are very close.
It means that the effect of micropillar shape on the measured force (Fm or Fs) is negligible. As for the pillar
arrangement, the comparison between Figure 5.8 and 5.9 shows that, for cylindrical pillars in square or
hexagonal lattice, the difference between the force measurements is also very small. The pillar arrangement
also plays little role in the measured force (Fm or Fs).
For the pillar size (27-55µm) used in our experiment, the friction force, Fm or Fs, does not depend on
the pillar shape or lattice arrangement. Fm and Fs arises mainly from the CL pinning on pillar tops at
the trailing edge. The magnitude depends on the total length of the CL on pillar tops. For a fixed droplet
volume and pillar size, if the area fraction is the same, then number of pillars which the CL lies on will be
the same, regardless of the pillar shape or lattice type. Indeed, the square micropillars usually have a locally
rounded CL on top of each pillar, which makes the system behave similar to a cylindrical pillar system. It
is not surprising to see little difference in the measured force between square pillars and cylindrical pillars.
For the same volume droplet and same area fraction, the contact area is very similar for both square and
close-packed hexagonal lattices. This is already confirmed by contact area measurements in chapter 4. In
Figures 4.12 and 4.13, the contact area for a square lattice and a hexagonal lattice follows almost the same
curve if the droplet volumes are equal.
To summarize, the effect of pillar shape and arrangement on the measured force can be neglected, at
least for the range of pillar sizes in our experiment.
5.2.3 Modeling of the Friction
As the force measurement is not dependent on pillar shape or arrangement and is also weakly affected by
pillar size, all force measurements from Figures 5.7, 5.8 and 5.9 are plotted in the same figure, Figure 5.10.
Figure 5.10(a) shows the maximum force, Fm vs. φ, including results from Reyssat et al. [3]. Reyssat
et al. used the rotating stage method to measure the critical tilting angle, θtilt, at which the droplet starts
to slide on the micropatterned surface. The droplet size is 10µL in both our and their experiments, which
makes it possible to directly compare our results. The force from their experiment is then calculated as
mg sin θtilt, where m is the mass of the droplet and g is the gravitational acceleration. The force they
measured corresponds to our maximum force Fm, both of which are plotted in 5.10(a). Reyssat et al.
explained their data by proposing a model which assumes dilute pillars and strong pinnings so that CL
pinning happens individually on each pillar [3]. Following the consideration from Gao and McCarthy [82],
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Figure 5.10: Fm and Fs calculated from all force data measured during droplet sliding on micropatterned
surfaces. Data from Figures 5.7, 5.8 and 5.9 are all included. Model prediction by Reyssat et al. [3] and
a new power law model are also both plotted for comparison. (a) Normalized maximum force measured in
the experiment, including results from Reyssat et al. [3]. (b) Normalized steady state force measured in the
experiment.
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the resistance to the droplet motion primarily comes from the trailing edge, and the contribution from the
advancing edge is neglected. They used the approach from Joanny and de Gennes [88], and proposed the
friction force F should be calculated as:
F
γR
=
a
4
pi sin θφ ln (pi/φ), (5.1)
where a is a parameter depending on the CL distortion, γ is surface tension of the fluid, R is the radius
of the droplet (1.34mm for 10µL droplet), and θ is the contact angle on the patterned surface with area
fraction of φ. In our experiment, the contact angle, θ, on the PDMS patterned surfaces is calculated as
cos θ = 0.59φ− 1 as per the Cassie model and Equation 4.1.
As Reyssat et al. claimed their model is valid for φ < 0.4, the data of the maximum and steady state
force measurements below φ = 0.4 in our experiment are fitted to Equation 5.1, respectively. The parameter
a is found to be 2.60 for maximum force in Figure 5.10(a), and 1.87 for steady state force in Figure 5.10(b).
As it is expected, the model does not capture the force measurement for large φ. As area fraction grows,
the deformation of the CL is not expected to be as large as on dilute pillars. Instead, the CL will take short
cut across the concentrated pillars before the maximum CL deformation happens, which will then lower the
force. It is the reason that we have a smaller a = 2.60 than a = 3.8 in their paper, as our samples have
larger area fraction. For steady state force, the number of pillars that provides resistance is less than that
in the maximum force case. As it can be seen from Figures 5.5(b) and (c), there are fewer pillars at the
trailing edge in the steady state than when the force is at the maximum. This leads to a smaller value of a
than in the maximum force fitting.
The logarithmic relation, which considers the deformation of the meniscus, does a good job for small
area fractions, but it fails in predicting the resistance for larger area fractions. As pillars get concentrated,
the meniscus deforms much less before touching the neighboring pillars. Thus, the meniscus deformation
can be neglected and the logarithmic relation fails for our experiment. Furthermore, the pillar size in our
experiment, 27-55µm, is much larger than 2µm in the experiment of Reyssat et al. For the surface pattern
with large pillar size and area fraction, the resistance will primarily come from the CL pinning at the trailing
edge, and the total length of the CL on pillar tops will determine the resistance. Based on this analysis, a
new model is proposed.
As shown in Figure 5.11, if the CL at the trailing edge recedes by a virtual displacement dx and the re-
ceding angle of the PDMS is θr, a new solid-vapor interface ∆S and a new liquid-vapor interface − cos(θr)∆S
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Figure 5.11: Schematic of the trailing edge CL on a micropillared surface: (a) side view of the CL and
meniscus, where dx denotes the virtual displacement of the CL, and the solid and dashed line represent the
positions of the meniscus before and after the displacement dx; (b) top view of the CL, where L is the length
of the CL at the trailing edge.
are created, by reducing a liquid-vapor interface ∆S . The energy dissipated during this CL retraction is
∆E = a0 (γSV + γ (− cos θr)− γSL)∆S = c0γ∆S, (5.2)
where the Young’s relation, Equation 1.1 is used, a0 is a constant depending on details of the CL pinning on
the pillar top, and c0 is another constant including the information of a0. ∆S can be obtained by geometrical
calculation from Figure 5.11 top view as
∆S = c0
√
φLdx = c0pi
√
φ
√
Acdx, (5.3)
where L is the length of the CL at the trailing edge. The equilibrium condition that the work done by
external force, Fdx, equals the energy dissipated, ∆E, during CL moves by dx, leads to the relation
F = c0γ0
√
pi
√
Ac
√
φ. (5.4)
It is difficult to determine Ac, especially for the finite ratio of the droplet size to the pillar size. Both
Figures 4.12 and 4.13 show the Cassie model with spherical cap assumption can not predict Ac. However,
since contact area measurements are only dependent on area fractions in our experiment, the contact area
can be assumed to be a function of φ and droplet size, i.e., AcR2 = f(φ), where R is the radius of the spherical
droplet of volume V . Using Surface Evolver, Ac of a 10µL droplet contacting micropatterned surface can be
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Figure 5.12: Contact area as a function of area fraction for a 10µL droplet calculated by Surface Evolver
simulation.
acquired. As shown in Figure 5.12, the contact area of a 10µL droplet is a function of φ,
Ac
R2
= 2.37φ0.31. (5.5)
Substituting Equation 5.5 to Equation 5.4 yields
F
γ0R
= c0φ
0.656, (5.6)
which means the force is only a power law function of area fraction.
Fittings curves of Fm and Fs using Equation 5.6 are plotted in 5.10(a) and (b), respectively. They
predicts the experimental data nicely. Further theoretical works verifying and explaining the expression of
F = c0φ
0.656 need to be discussed in the future.
On surface with large φ, pillars interact with each other instead of acting individually. The logarithmic
variation fails in capturing the experimental data. The power law F = c0φ
0.656 seems to well captures the
experimental data.
5.2.4 Ratio between Fs and Fm
Ratios between Fs and Fm are calculated for all force measurements from Figures 5.7, 5.8 and 5.9 and are
plotted in Figure 5.13. From Figure 5.13, it is seen Fs/Fm is almost a constant. The average of Fs/Fm
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Figure 5.14: Ratios between numbers of pillars which pins CL at the trailing edge at the steady state and
maximum forces, ns/nm. ns and nm are obtained from videos of CL migration during sliding.
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in Figure 5.13 is 0.72 and the standard deviation of 0.08. Since the friction force mainly arises from CL
pinning, the number of pillars which pins CL is also studied here. If sliding is along the lattice direction, the
number of pillars at the trailing edge equals the number of rows of pillars within the contact area along the
direction perpendicular to sliding, which can be acquired from videos of CL migration during sliding. The
numbers of pillars, ns and nm, at the steady state and maximum forces are listed in Table 5.1. nm can also
be obtained from the initial state, which has the same number of rows of pillars as at the maximum force,
for example, in Figures 5.5(a) and (b). ns/nm is plotted against φ in Figure 5.14. The average of ns/nm is
0.68 and the standard deviation is 0.06.
Table 5.1: Numbers of pillars pinning CL at the trailing edge at the steady state and maximum forces during
sliding
pillar lattice pillar size area fraction ns nm ns/nm
shape (µm) φ at Fs at Fm
square square 57.1 0.18 12 16 0.75
square square 54.5 0.26 14 20 0.7
cylindrical square 43.7 0.13 14 19 0.74
cylindrical square 41.7 0.27 19 28 0.68
cylindrical square 43.2 0.49 25 40 0.63
cylindrical square 57.1 0.13 11 15 0.73
cylindrical square 54.5 0.19 12 18 0.67
cylindrical square 59.7 0.34 16 23 0.70
cylindrical square 53.5 0.49 20 33 0.61
cylindrical hexagonal 46.8 0.15 16 27 0.59
The steady state force is ∼ 70% of the maximum force. It is approximately the same (within 6%) as the
ratio between numbers of pillars at the trailing edge at the steady state and maximum forces. It further
confirms that the assumption, that the friction is mainly caused by CL pinning at the trailing edge, is
reasonable. This also explains that in the logarithmic model of Equation 5.1 and the power law model of
Equation 5.6, for a same φ, the ratios between the steady state and maximum forces are 1.87/2.6 = 0.72
and 1.23/1.74 = 0.71, respectively. Thus, during sliding, the number of pillars which pins the CL at the
trailing edge reduces ∼ 30% from the state of the maximum force to the steady state, which leads a ∼ 30%
reduction of the friction force.
5.2.5 Average Force per Pillar
The average force per pillar at the steady state and maximum forces can be calculated from pillar numbers
at the trailing edge and it is listed in Table 5.2. From this table, it is seen that data of average force per pillar
are scattering. The force on each pillar depends on the details of the CL topology on the pillar top. The
interaction of pillars also makes it complicated to calculate force distribution along the CL. Nevertheless,
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Table 5.2: Average force per pillar at the trailing edge at the steady state and maximum forces during sliding
pillar lattice pillar size area fraction Fs/ns Fm/nm
shape (µm) φ (µN) (µN)
square square 57.1 0.18 3.3 3.9
square square 54.5 0.26 3.8 3.8
cylindrical square 43.7 0.13 2.7 2.7
cylindrical square 41.7 0.27 2.4 2.6
cylindrical square 43.2 0.49 2.8 2.8
cylindrical square 57.1 0.13 3.1 3.7
cylindrical square 54.5 0.19 4.0 4.2
cylindrical square 59.7 0.34 3.3 3.7
cylindrical square 53.5 0.49 3.5 3.4
cylindrical hexagonal 46.8 0.15 1.5 2.1
the average force contributed from one pillar with side length or diameter ranging from 42− 57µm is on the
order of 1.5− 4.2µN.
5.2.6 Elasticity of the Whole Droplet at the Initial Loading
It is seen in Figure 5.4 that near the start of the force curve, the force linearly increases with displacement
of the substrate. The loading is very slow 0.062mm/s, so it can be treated as a quasi-static process. Since
there is no jumps in the curve, the CL is not yet depinning. Classical models have been developed by
several French researchers [3, 88, 127] for surfaces with low area fraction. They assume strong pinning and
that each pillar independently distorts the CL and meniscus. They further assume that hysteresis mainly
arises from pinning at the trailing edge so that the effect of the leading edge can be neglected. Under
these assumptions, the deformation response of the droplet to external force should be elastic with stiffness
k ∼ γ/ ln(L/b), where γ is the surface tension, L is the pillar center-to-center distance, and b is the pillar size.
As area fraction is defined as φ = (b/L)2, the stiffness can be written as k ∼ −γ/ lnφ. This relation shows
that the stiffness should increase as area fraction increases. If the pillar shape is cylindrical, the relation will
have an additional constant term, lnpi.
Table 5.3 shows the measurement of the stiffness from the force curves of 10 different samples. It is seen
that the measured stiffness is almost unaffected by the area fraction, pillar shape and arrangement. For
large φ, the stiffness does not follow k ∼ −γ/ lnφ, because, first of all, the condition of dilute pillars is no
longer satisfied. In addition, for samples with larger pillar densities, the CL at the advancing edge migrates
forward during the initial loading, even with a small force applied. The forward motion of the leading edge
alleviates the total deformation of the droplet and reduced the force from the trailing edge, which reduces
the stiffness. Further details follows:
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Table 5.3: Droplet stiffness during the initial loading and steady state
pillar lattice pillar size area fraction stiffness k stiffness ks
shape (µm) φ (mN/m) (mN/m)
square square 57.1 0.18 102.9 58.9± 5.8
square square 53.5 0.66 83.2 34.1± 10.0
cylindrical square 38.1 0.17 96.4 52.0± 10.2
cylindrical square 36.5 0.49 98.2 31.4± 9.7
cylindrical square 57.1 0.13 108.1 64.8± 7.7
cylindrical square 53.5 0.49 112.8 41.2± 11.9
cylindrical hexagonal 26.2 0.18 91.6 47.8± 11.2
cylindrical hexagonal 27.3 0.60 96.5 25.9± 6.3
cylindrical hexagonal 46.8 0.15 94.6 55.1± 6.8
cylindrical hexagonal 46.8 0.58 93.1 34.6± 7.6
(a) (b)
Figure 5.15: Contact area shape at the initial loading stage: (a) Just before the dragging starts. (b) Just
before the first depinning at the trailing edge happens. The sample surface is a square lattice of cylindrical
micropillars of diameter D = 57.1µm and area fraction φ = 0.13, which is sample No.(6) in Table B.4.
Figure 5.15 shows the contact area of a droplet sliding on a surface composed of cylindrical micropillars
in a square lattice with φ = 0.13. Figure 5.15(a) shows the shape of the contact area just before sliding
starts. Figure 5.15(b) shows the contact area just before the trailing edge depins. The surface in Figure
5.16 has area fraction φ = 0.49. From the comparison between Figures 5.15 and 5.16, it is obvious that
before depinning at the trailing edge occurs, the leading edge CL on the surface of sparse pillars does not
significantly move. However, the leading edge CL on the surface of dense pillars has migrated significantly.
As the leading edge of the CL wets more pillars, it reduces some of the dragging force so that the total
dragging force grows more slowly, which then reduces the stiffness. The situation is analogous to plasticity,
in which permanent, non-reversible deformation happens.
To summarize, during the initial loading, the stiffness of the droplet is similar for different area fractions.
The model by de Gennes et al. is not suitable for large φ, and tends to over-estimate the stiffness. In reality,
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(a) (b)
Figure 5.16: Contact area shape at the initial loading stage: (a) Just before the dragging starts. (b) Just
before the first depinning at the trailing edge happens. The sample surface is a square lattice of cylindrical
micropillars of diameter D = 53.5µm and area fraction φ = 0.49, which is sample No.(10) in Table B.4.
due to the advancing of the CL at the leading edge, resistance and thus stiffness is reduced.
5.2.7 Rigidity and Force Amplitude of the CL during Steady State
As discussed in the previous section, at steady state, the amplitude of the periodic force drop, ∆F , is
approximately the force needed for the CL to detach from the last row of pillars at the trailing edge. The
amplitude is calculated by averaging the amplitude from each cycle at steady state. Since the sudden drop
of the force is larger and more distinct for substrates with sparse pillars, ∆F is calculated for these cases.
∆F for several different samples is listed in Table 5.4. From the table, it is seen that as pillar size becomes
smaller, ∆F decreases. For the same area fraction, if the pillar size is smaller, the surface is relatively
smoother. Thus, the force drop during steady state is small. Furthermore, ∆F is smaller for a hexagonal
lattice than for a square lattice. The hexagonal lattice is a close-packed arrangement, so there are 6 nearest
neighbors, while square lattice only has 4. Thus, the CL appears smoother, and the force jump during CL
migration is smaller.
Table 5.4: Force amplitude and trailing edge hysteresis during steady state
pillar lattice pillar size area fraction ∆F trailing edge hysteresis W
shape (µm) φ (µN) (10−9J)
square square 57.1 0.18 4.6± 0.6 0.187± 0.027
cylindrical square 57.1 0.13 6.6± 0.7 0.369± 0.053
cylindrical square 38.1 0.17 2.5± 0.3 0.059± 0.005
cylindrical hexagonal 46.8 0.15 2.6± 0.4 0.050± 0.008
cylindrical hexagonal 26.2 0.18 1.6± 0.1 0.027± 0.003
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During the steady state, after the CL detaches from the previous row of pillars, the dragging force
increases linearly with displacement, as shown in the inset of Figure 5.4. The CL detaches again after the
slide travels approximately the pillar center-to-center distance, jumping to the neighboring row. This cycle
continues as long as the droplet remains on the substrate. The slope of the force-displacement curve, i.e.,
the stiffness of the CL, ks, within each cycle is approximately a constant. The results in Table 5.3 show that
ks is similar for surfaces with nearly the same area fractions, even though the pillar sizes and arrangements
are different. ks is smaller than the stiffness of the whole droplet, k, simply because the number of pillars
that pin the trailing edge of the CL during the steady state is less than the initial number of pillars at the
maximum force. Further quantitative explanation requires more careful study in the future. To sum up,
stiffness of the CL within each pinning-depinning cycle during steady state is nearly constant for the same
area fraction and is smaller than the stiffness of the whole droplet.
5.2.8 Energy Needed to Overcome CAH at the Trailing Edge
During the steady state, the local CL and liquid meniscus get distorted between pillar jumps. This local
distortion does not affect the CL or meniscus in other parts of the droplet. At the advancing edge, the CL
distortion is not as severe as that at the trailing edge, the CL smoothly flattens on pillar tops at the leading
edge, rather than suddenly jumping as seen in the trailing edge. Thus, although the advancing edge may
contribute to the resistance and hysteresis, it can be reasonably neglected compared to the contribution
from the trailing edge. This is already confirmed by nearly equal reductions of both force values and pillar
numbers at the trailing edge from maximum force to the steady state force during sliding. Thus, the work
done in one cycle, W , which equals the area of the shaded triangle in Figure 5.4, is the energy required
for the CL at the trailing edge to make one jump. After the jump finishes, the energy is lost as viscous
dissipation in the fluid. The energy needed to overcome the hysteresis of the trailing edge for different
surfaces is calculated and listed in Figure 5.4.
Thus, the energy required by the CL to jump one row of pillars at the trailing edge is measured, which
may open new avenues to study CL dynamics and CAH at the microscale.
5.3 Conclusions
In the present chapter, the microforce sensor is used to directly measure hysteresis by dragging a droplet on
the microtextured surface. The force curve of the droplet sliding is similar to that of dry friction, including
a maximum force and a steady state force. Both the maximum and steady state forces, Fm and Fs, are
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obtained on surfaces consisting of square or cylindrical pillars in square or hexagonal lattices. For the range
of pillar sizes used in experiments, the maximum force and the steady state force are found to be weakly
dependent on pillar size and have little dependence on pillar arrangements. The force is mainly determined
by the area fraction with force increasing as area fraction increases. The force measurements are compared
with a logarithm model based on the strong pinning assumption from the literature and it is found the
logarithm model is not valid at large area fraction. A new power law model assuming weak pinning of CL is
proposed and it captures all experimental data. The ratio between Fs and Fm is approximately a constant,
0.72± 0.08, which is very close to the ratio between pillar numbers at the trailing edge at the steady state
and maximum forces, 0.68± 0.06. The reduction of the pillar number at the trailing edge leads to the force
decrease from Fm to Fs. It validates the assumption that the friction mainly arises from CL pinning at the
trailing edge. Before CL depinning, the droplet response to the external load is linear elastic. The stiffness
of the droplet is measured and compared with the model in the literature. In the steady state, the force
and energy needed for the CL at trailing edge to jump from one column of pillars to the next neighboring
column can be calculated from the force curve. They are found to be dependent on area fraction and pillar
arrangement, whereas the stiffness of the CL in the steady state in each cycle is a constant.
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Chapter 6
CONCLUDING REMARKS AND
FUTURE DIRECTIONS
In an effort to fabricate novel 3D photovoltaic devices using Si thin foils of a few µm in thickness, a
capillary-driven, self-assembly way is adopted. To understand the underlying mechanisms in such self-
assembly process, two competing components - a capillary force promoting folding and the bending rigidity
of the foil that resists folding into a 3D structure are first identified. A mechanics model, which makes
equivalence of a complex foil shape into a simple beam shape, is developed. With the simple beam shape
and two competing components in the folding, a new intrinsic, non-dimensional material parameter, the
effective folding parameter, is recognized to be the single parameter controlling the thin film folding process.
Thru analogy to fracture criterion and concept of stress intensity factor in fracture mechanics, a criterion for
spontaneous folding of any shaped 2D patterned foil into deterministic 3D shapes is thus established. The
model predictions are then compared with experimental measurements made on a variety of materials, and
excellent agreement is found. In addition to the mechanics model, another approach — the minimization
of the total free energy of the droplet/thin foil system is considered. A 2D energy functional of a droplet
interacting with a flexible thin film is setup. This energy functional consists of surface energy of the fluid,
bending energy of the thin film and gravitational energy of the fluid. By taking variations to the energy
functional, an important boundary condition at the contact line (CL) location is identified. A computational
model using Surface Evolver, which includes three components of total energy, is developed. By direct
simulation with Surface Evolver, the configuration of the droplet and the thin film at the equilibrium state is
obtained. A critical thin film length necessary for complete enclosure of the fluid droplet, and thus successful
device self-assembly, is determined and compared with the experimental study and mechanics model. Results
from the mechanics model, energy approach and the experimental study are found to be consistent. The
present energy model is 2D, but it could be extended to 3D analysis, presumably wit similar results. Both
the analyses of the mechanics model and energy approach shed some light on the understanding of the
self-assembly of micro/nano-scale 3D structures from planar geometries driven by capillary forces or other
surface and interfacial interactions. Such understanding can provide guidance for fabrication of complex
nano- and micro-scale 3D structures using self-assembly.
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In studying droplet wetting on hydrophobic surfaces, a new technique of introducing fluorescein dye into
the droplet and using an inverted fluorescence microscope to image the CL is proposed, which can not be
achieved using a conventional microscope. This technique can be used to directly determine the wetting mode
(partial or complete wetting) of droplets on micropatterned surfaces, as an alternative to using contact angle.
The CL topology and enclosed area can be obtained from the images. To quantify the wetting properties of
the microtextured surfaces, the size and shape of the contact area are used. Through comparing the size and
shape of the contact area on various micropatterned surfaces with either isotropic and anisotropic features,
it is generally found that the CL shape is not circular and that the contact area size does not follow the
Cassie model prediction. This is believed to be primarily due to CL pinning on pillar tops and the finite size
of the droplet relative to the pillar size. The CL shape is found to be more dependent on pillar arrangement
when the droplet is small relative to the pillar size. The experimental results indicate the Cassie state is
usually not possible. Thus, when reporting the contact angle, the droplet volume and contact area should be
included as well. The imaging technique can also be used in the study of CL dynamics. The CL evolution on
micropillar during droplet impact, coalescence and CL receding are discussed. Considerable work remains
to be done in studying CL dynamics on hydrophobic micropatterned surfaces using this technique.
The hysteresis of the microtextured surface is an important indicator of surface hydrophobicity. A
microNewton force sensor is utilized to measure hysteresis by dragging droplets on a microtextured surface.
The force curve measured for the droplet sliding on the microtextured surface is similar to dry friction
between two solid surfaces: The force first increases to a maximum value and then decreases to a constant
once the steady state is reached. The maximum force and steady state force are found to be dependent
on the pillar size. The effect of pillar shape and arrangement is negligible for the pillar size used in our
experiment. Together with the CL imaging technique, the CL evolution during sliding is investigated. The
force is found to arise mainly from the CL pinning at the trailing edge. The CL pins and depins from pillar
tops, leading to oscillations of the force curve. The frequency and amplitude of the oscillations depend on
pillar size and spacing. The force needed and the energy barrier for the CL to migrate from one row of
pillars to the next neighboring row can also be determined. This method of measuring surface hysteresis
establishes guidelines to other ways of studying surface hysteresis, and also provides insight for mechanisms
of CAH.
In future work, following the methods of this dissertation, the effect of droplet size on the hysteresis of
the micropatterned surface can be studied. In addition, except for the total force, the imaging technique can
also be used to study the force distribution on the CL. In the current experiments, one can only measure
total force and not the force distribution on the CL. However,it may also be possible to fabricate a surface
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consisting of micro/nano-pillars with very low stiffness and high sensitivity to applied forces, so the CL can
deform each pillar individually. Then knowing the spring constant of the pillars, the deformation of each
pillar can be used to calculate the force distribution. The CL evolution and force distribution during the
natural process of a droplet rolling off a tilting surface by gravity could then be seen and understood in
great details.
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Appendix A
Mathematic Description of the Petal
Shape Unfolded from A Sphere
Consider a sphere of radius R being cut longitudinally into n equal part (n = 4, 6, 8 in the current study).
Between two neighboring longitudinal cuts one can construct a surface with one principal curvature being
zero (a flat surface), illustrated in Figure A.1 as surface ABC. Unfolding the sphere made of these surfaces
onto a plane results in a planar flower pattern with n petals. This was the flower patterned thin film used
in the folding experiments by Guo et al. [10].
A simple geometry consideration is used to obtain the functional form of the petals in the planar configu-
ration. We assume the base of the flower pattern is a horizontal plane with the height z0 from the bottom of
the sphere, as shown in Figure A.1. At the height, z, the corresponding latitude intersects with n longitudes
to form an n-sided equilateral polygon. The radius of the inscribed circle of polygon is,
r
R
=
√
1−
(
1− z
R
)2
cos
(pi
n
)
. (A.1)
The nondimensional length of the petal after unfolding will be an incomplete elliptic integral of the second
kind,
x
R
=
1
R
∫ z
z0
√
1 +
(
dr
dz
)2
dz =
∫ 1−z0/R
1−z/R
√
1− (sin (pi/n ))2ς2
1− ς2 dς, (A.2)
where z ∈ [z0, 2R]. The nondimensional width of the petal will be
t
R
= 2
√
1−
(
1− z
R
)2
sin
(pi
n
)
. (A.3)
The width at the base of the petal can be easily obtained by replacing t with t0 and z with z0, respectively,
in Equation A.3. A typical petal shape is also shown in Figure A.1.
For petal-shaped specimen, the mechanics solution can be obtained by substituting the local stiffness,
Bx = E
′ 2t(x)h3
12 into Equation 2.2 and integrating the differential equation twice to obtain the deflection at
x = Lp,
δtaper =
P
B0
∫ Lp
0
(∫ x
0
(Lp − η)
t (η)/t0
dη
)
dx. (A.4)
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Figure A.1: Unfolding of a sphere with radius R into a planar flower pattern with 6 petals.
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Following the same steps as in Equations 2.4, 2.5, 2.6 and 2.7 leads to the effective folding parameter, as
αeff =
γ0L
2
E′h3
·
{
36
(
t0
L
)−1 [
1
L3
t
t0
∫ Lp
0
(∫ x
0
(Lp − η)
t (η)/t0
dη
)
dx
]}
, (A.5)
where B0 = E
′t0h3/12
(
1− ν2). Similar to the case in the linearly tapered beam, this effective folding
parameter reaches a maximum value (i.e., the critical effective folding parameter) for each combination of n
and t0/L, which characterizes the necessary condition for a petal to fold. It should be noted that, for flower
patterned geometry, the evaluation of the effective folding parameter can only be done numerically, and a
simple expression of the shape factor S(n, t0/L) cannot, in general, be obtained as in Equation 2.12. After
the maximum value is reached, the effective folding parameter would be
αeff =
γ0L
2
E′h3
· A′ · S (n, t0/L ) , (A.6)
where A′ is a dimensionless constant representing the magnitude of the capillary interaction when the pulling
force due to surface tension is the strongest. S(n, t0/L) is the shape factor considering petal number n and
the ratio of the width at the base of the petal t0 to the petal length L.
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Appendix B
PDMS Soft Lithography, Uniform and
Gradient Pattern Design and
Fabrication
B.1 Soft lithography
The patterns are fabricated using standard soft lithography technique. The procedure of microfabrication
of SU-8 molds for casting PDMS microstamps is the following:
1. Materials: i) 4 inch silicon wafer, ii) SU-8 2015 (MicroChem, Inc.) , iii) SU8 developer, iv) Photolithog-
raphy mask (high-resolution chrome mask).
2. Silicon wafer is cleaned with Acetone and IPA (Isopropanol) rinses, then completely dried with nitrogen.
3. The wafer is baked at 150◦C for at least 2 min. to remove all of the moisture.
4. SU-8 (2015) is spin-coated to a final thickness of ∼ 25 µm with the spin rate 3500 rpm for about 40
seconds.
5. Remove edge bead using razor blade.
6. Softbake: Place the wafer on a 65◦C hotplate for 3 min. Transfer to a 95◦C hotplate (6 min.). Remove
the wafer from the hotplate after the prescribed time and allow it to cool to room temperature. Then,
return the wafer to the hotplate.
7. Exposure: The wafer with SU-8 is then exposed under mask aligner for 12 seconds.
8. Postbake: Place the wafer on a 65◦C hotplate for 1 min. Transfer to a 95◦C hotplate (6 min.). The
image of the mask in the SU-8 photoresist coating appears after several minutes.
9. Developing: Develop for 4 to 5 min. with mild agitation in SU-8 developer. (using IPA rinse to check
the developing process). Thoroughly rinse with fresh SU-8 developer. Thoroughly rinse with IPA.
Gently Nitrogen Blow-dry (front and back of the wafer).
10. Hardbake: Place finished mold on hot plate at 200◦C for 30 minutes for hard bake. This is an annealing
process for the SU-8.
11. Add a nonstick layer. Use Molecular Vapor Deposition to deposit a silane layer.
After obtaining the mold, it is now ready to cast PDMS samples.
1. Mix PDMS 10:1 by weight and degas to remove bubbles.
2. Put the SU-8 mold in the petri dish and pour the PDMS.
3. Wait 30 minutes for any air bubbles in the PDMS to rise to the surface.
4. Blow off surface-trapped air bubbles in PDMS with quick blast of N2.
5. Leave the PDMS at the room temperature for 24 hours to fully cure.
6. Slowly peel the PDMS film away from the SU-8 mold to get the microstructured surfaces.
7. Inspect the surface under a microscope for any imperfect.
B.2 Micropillars of parallel grooves
To start with simple case, a one dimensional patterned surface is fabricated. The roughness is composed of
PDMS strip pillars and grooves, fabricated by means of soft lithography. The pillar width is around 50µm,
and the pillar height is 17µm. The pitch is varied for different surfaces, generating four patterns with area
fractions of 0.21, 0.41, 0.63 and 0.71. Table B.1 shows the measured values for pillar width, height, pitch,
and area fraction. SEM (Scaning Electron Microscopy) image for the PDMS strip surface is shown in Figure
B.1(a) and the top view by optical microscope is shown in Figure B.1(b).
Table B.1: Dimensions of PDMS strip pillars in pattern No. (a), (b), (c) and (d)
pattern No. pillar height pillar width pillar distance area fraction
h (µm) w (µm) s (µm) φ = w/s
(a) 17 57.6 269.5 0.21
(b) 17 55.6 134.8 0.41
(c) 17 58.1 91.6 0.63
(d) 17 48.9 68.9 0.71
B.3 Cylindrical micropillars in the rectangular lattice
Another anisotropic micropillar structured surface is fabricated by designing an arrangement of cylindrical
pillars in a rectangular lattice. The pillar distance, s1, along direction-1 is different from the distance, s2,
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(a) (b)
Figure B.1: (a) SEM picture of PDMS strip with area fraction 0.41; (b) Optical microscope image of PDMS
strip with area fraction 0.41, top view.
in its perpendicular direction direction-2. Pillar diameters of 20 and 30µm and area fraction of 0.13 are
designed for all samples. Table B.2 shows measured dimensions for all samples with micropillars arranged
in a rectangular lattice. The height is measured to be 25µm for all samples. Figure B.2 shows the top views
of four samples, No.(1)-(4) in Table B.2, captured by optical microscope.
Table B.2: Dimensions of PDMS circular pillars arranged in a rectangular lattice in sample No. (1)-(8)
sample No. pillar diameter pillar distance pillar distance anisotropic ratio area fraction
D (µm) s1 (µm) s2 (µm) s1/s2 φ = piD
2/(s1s2)/4
(1) 36.0 43.7 151.2 0.29 0.15
(2) 36.0 53.5 121.4 0.44 0.16
(3) 36.5 65.3 101.3 0.64 0.16
(4) 37.0 75.6 87.4 0.86 0.16
(5) 26.2 32.4 90.5 0.36 0.18
(6) 26.2 38.1 77.7 0.49 0.18
(7) 25.7 43.2 67.9 0.64 0.18
(8) 27.2 48.9 60.2 0.81 0.20
B.4 Square micropillars in a square lattice
Uniformly distributed, square PDMS micropillars are fabricated in a square lattice for each sample with a
specific pillar size and density. The side length of the square pillar, b, ranges from 41µm to 57µm. The
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(a) (b)
(c) (d)
Figure B.2: Top views of cylindrical micropillars in a rectangular lattice. Dimensions in (a), (b), (c) and (d)
are listed in Table B.2.
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pillar density, or area fraction, φ, is controlled by the spacing between pillars. The area fraction is defined
as the ratio of the pillar top area to the cell area it belongs to. The pitch (pillar center to center distance)
is denoted by s. The area fraction is calculated as φ = (b/s)2. Table B.3 shows dimensions for all samples.
Table B.3: Dimensions of PDMS circular pillars arranged in a square lattice in sample No. (1)-(10)
sample No. pillar side length pillar height pillar distance area fraction
b (µm) h (µm) s (µm) φ = (b/s)2
(1) 41.2 13 107.5 0.15
(2) 44.2 13 85.4 0.27
(3) 44.8 13 71.5 0.39
(4) 43.2 13 61.7 0.49
(5) 43.7 13 53.5 0.67
(6) 57.1 13 134.8 0.18
(7) 54.5 13 109.1 0.26
(8) 59.7 13 92.6 0.36
(9) 56.6 13 79.2 0.53
(10) 53.5 13 67.9 0.66
B.5 Cylindrical micropillars in a square lattice
Uniformly distributed, cylindrical PDMS micropillars are designed for each sample with a specific pillar
size, density and arrangement. The pillar diameter, D, ranges from 26µm to 59µm. The area fraction is
controlled by the distance between pillars. The area fraction is defined as the ratio of the pillar top surface
area to the cell area it belongs to.
For surfaces with micropillars arranged in a square lattice, the pitch (pillar center to center distance) is
denoted by s. The area fraction is calculated as φ = pi(D/s)2/4. Table B.4 shows dimensions for all samples
with micropillars arranged in a square lattice. Figure B.3 left shows the schematic of the pillars in the square
lattice.
B.6 Micropillars in a hexagonal lattice
For surfaces consisting of cylindrical micropillars arranged in a hexagonal lattice, the closest distance between
the center of one pillar to another is denoted by L. The area fraction is calculated as pi
2
√
3
D2
L2 . Figure B.3
right shows the schematic of the pillars in a hexagonal lattice. Table B.5 shows dimensions for all samples
with micropillars arranged in a hexagonal lattice. All pillar heights are is found to be 25µm. Figure B.4
shows the top view optical image of samples No.(7) and (10) of Table B.5.
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Figure B.3: Schematic of the pillars in a square lattice and a hexagonal lattice.
Table B.4: Dimensions of PDMS circular pillars arranged in a square lattice in sample No. (1)-(19)
sample No. pillar diameter pillar height pillar distance area fraction
D (µm) h (µm) s (µm) φ = pi(D/s)2/4
(1) 43.7 13 108.0 0.13
(2) 43.2 13 88.0 0.19
(3) 41.7 13 71.5 0.27
(4) 43.7 13 63.3 0.38
(5) 43.2 13 54.5 0.49
(6) 57.1 13 138.4 0.13
(7) 54.5 13 110.6 0.19
(8) 59.7 13 90.5 0.34
(9) 56.6 13 77.2 0.42
(10) 53.5 13 67.9 0.49
(11) 38.1 25 81.3 0.17
(12) 36.5 25 65.3 0.25
(13) 37.6 25 55.0 0.37
(14) 36.5 25 46.3 0.49
(15) 35.5 25 41.2 0.58
(16) 27.3 25 54.5 0.20
(17) 26.7 25 43.7 0.29
(18) 27.8 25 36.5 0.45
(19) 26.7 25 30.9 0.59
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Table B.5: Dimensions of PDMS circular pillars arranged in a hexagonal lattice in sample No. (1)-(15)
sample No. pillar diameter pillar distance area fraction
D (µm) L (µm) pi
2
√
3
D2
L2
(1) 36.0 86.4 0.16
(2) 34.5 70.0 0.22
(3) 36.5 59.7 0.34
(4) 35.5 49.9 0.46
(5) 35.5 44.2 0.58
(6) 46.8 116.8 0.15
(7) 46.3 92.1 0.23
(8) 46.8 78.2 0.33
(9) 46.3 66.9 0.43
(10) 46.8 58.6 0.58
(11) 26.2 58.1 0.18
(12) 26.2 46.3 0.29
(13) 26.7 39.1 0.42
(14) 27.3 33.4 0.60
(15) 26.2 29.3 0.73
(a) (b)
Figure B.4: Optical microscope images of cylindrical micropillars in hexagonal lattice. (a) Sample No.(7) of
Table B.5; (b) Sample No.(10) of Table B.5.
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B.7 Gradient pattern design and fabrication
Two classic theories, the Cassie and Wenzel models [30, 31], have shown that the wettability of a sample
surface can be controlled by the area fraction. A series of PDMS micropillars with varied spacing on surfaces
could alter the area fraction and thus generate a surface energy gradient.
On each sample, the size (cross-section area), An, of the PDMS micropillar is identical. Those micropillars
are separated by a slowly varying distance, Ln. The variation of Ln is designed to generate a linearly varying
area fraction. Thus, the gradient of φ, denoted by α, is a constant. The shapes of the micropillar cross-
sections can include squares, circles, triangles and rhombuses.
In order to make the pattern length along direction of the area fraction gradient as large as possible,
we combine n0 = 4 columns with the same area fraction φ in one group. In other words, in each group,
there are 4 columns of pillars with the same size and spacing. A series of such groups with area fraction φn
linearly changing along the x-direction will create a constant area fraction gradient.
As shown in Figure B.5(a), the nth group has a total length of dn in x direction. Within this group,
the area fraction is constant, φn = φ1 − α
(
xn − n0L12
)
, where xn is the location of the middle of the nth
group, and is calculated as xn =
n−1∑
i=1
di +
dn
2 = n0
n−1∑
i=1
Li +
n0Ln
2 . After substituting φn =
b2
L2
n
, we have
b2
Ln2
= b
2
L12
− αn0
(
n−1∑
i=1
Li +
Ln
2 − L12
)
⇒ αn02 Ln3 +
[
αn0
(
n−1∑
i=1
Li − L12
)
− b2
L12
]
Ln
2 + b2 = 0. Solve this
cubic equation to get the spacing Ln in each group. So far, 6 gradients are selected, α = 0.015, 0.025,
0.035, 0.05, 0.1 and 0.15mm−1. Figure B.5(b) and (c) show area fraction linearly varies with the distance
for one sample, in which the square pillar side length is kept constant as 50µm. The area fraction gradient
is α = 0.05mm−1.
Other pillar cross-sections: strip, circle, triangle and rhombus, are designed in the same way. Table B.6
shows the list of designed patterns with detailed information.
Table B.6: List of micropillared patterns with area fraction gradient used in the experiment.
cross-section shape cross-section area area fraction gradient
A (µm2) α (mm−1)
square 2500, 1250, 800, 450 0.15, 0.10, 0.05, 0.035, 0.025, 0.015
circle 1963, 1250, 800, 450 0.15, 0.10, 0.05, 0.035, 0.025, 0.015
triangle 1250, 800, 450 0.035, 0.025, 0.015
rhombus 1250, 800, 450 0.035, 0.025, 0.015
strip strip width: 50µm 0.05, 0.03, 0.01
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Figure B.5: (a) Schematic of micropillared pattern with constant gradient α design. (b) The area fraction
decreases linearly along x direction with constant gradient α = 0.05mm−1. The pillars have side length
b = 50µm. (c) Optical image of square micropillars with area fraction gradient α = 0.05mm−1, pillar side
length 50µm.
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